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Abstract 
 
A series of compounds with the general formula R3PX2 and R3PX4 (where R = o-tolyl, m-
tolyl, p-tolyl, o-anisyl, m-anisyl, p-anisyl, o-thioanisyl, p-thioanisyl, p-fluorophenyl, p-
chlorophenyl, mesityl and X = Cl, Br, I) have been synthesised and studied by X-ray 
crystallography, multinuclear NMR spectroscopy and Raman spectroscopy. A study of the 
conformational features of the aryl groups in these structures was undertaken in order to 
investigate the role of steric effects and crystal packing on P-X and X-X bond lengths. 
Compounds with the general formula RSeX / RSeX3 (where R = p-fluorophenyl, p-
chlorophenyl, p-bromophenyl, p-iodophenyl and X = Cl, Br, I) have been synthesised by 
reacting the diselenides with halogens in the stoichiometric ratios. The X-ray crystal 
structure of p-ClC6H4SeI.I2 is the first crystallographically characterised example of a 
compound of stoichiometry RSeI3, although it is better represented as an I2 adduct of a 
Se(II) iodide than a Se(IV) compound. In contrast, (p-FC6H4)Se-Se(I)2(p-FC6H4) is an I2 adduct 
where the Se-Se bond has not been cleaved by iodine. Both structures are stabilised by 
weak Se···I and I···I interactions. p-FC6H4SeCl3 is an example of a dimeric structure with 
bridging chlorines. 
[Ph4PX] and Ph3PX2 were reacted with PhEX (where E = Se, Te and X = I, Br, Cl) to produce 
salts containing [PhEX2]
- and [PhEX4]
- anions. Where possible all the products were then 
analysed via NMR and Raman spectroscopy and X-ray crystallography. 
The reactions of the ligand tris-p-fluorophenyl phosphine with sulfur and selenium are 
presented along with the subsequent reactions of these compounds with diiodine. All of 
the compounds are characterised via X-ray crystallography. 
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Halogen adducts of group 15 and 16 elements are well known and exhibit a varied array of 
different structures. The aim of this chapter is to review the literature concerning the 
halogen, interhalogen and pseudohalogen adducts of group 15 and 16 elements. Many of 
these compounds are useful reagents in various organic and inorganic procedures.   
1.1 Group 15: N, P, As, Sb, Bi 
 
Elements in this group are also known as Pnictogens derived from the Greek word Pnigein 
meaning to choke or stifle. For some of the groups in the periodic table the first element 
can be used to describe the properties and trends for the rest of the group, but this is not 
the case for group 15 where the properties of elements vary considerably. The metallic 
character of this group increases with increasing atomic number. A range of oxidation 
numbers between -3 & +5 can be observed depending on the nature and number of atoms 
to which group 15 elements are bound, however the most common oxidation states are of 
+3 & +5.1 Some of the general properties of group 15 elements are given in table 1.1. 
 
Electronic 
structure 
First Ionization 
energy 
(kJmol-1)1 
Melting 
Point 
(oC)2 
Electrone-
gativity1 
Atomic 
Radius 
(Å)1 
Enthalpy of 
atomization 
ΔaH
0 
(298K kJ mol-1)3 
N [He]2s22p3 1402 -297 3.0 0.75 473* 
P [Ne]3s22p3 1012 
44.1 
(α-form) 
2.1 1.10 315 
As 
[Ar]3d10 
4s24p3 
947 
814 
(36 atm) 
2.0 1.21 302 
Sb 
[Kr]4d10 
5s25p3 
834 630.5 1.9 1.41 264 
Bi 
[Xe]4f145d106s
26p3 
703 271.3 1.9 1.55 210 
* For nitrogen, ΔaH
0 = ½ x dissociation energy of N2 
Table 1.1: Some general properties of group 15 elements 
Chapter 1 Introduction 
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The defining characteristic of the group is that all the component elements have five 
electrons in the outermost shell hence making it possible for them to accept three 
electrons to achieve noble gas configuration. This process is not energetically favourable 
for most of the elements due to electron-electron repulsions, but the formation of P3- 
requires only 1450 kJ mol-1 due to the relative large size of phosphorus. Ionic compounds 
containing X3- ions are not very common, except salts of the more active metals, such as 
Li3N. 
Dihalogens can be reacted with group 15 elements to form compounds with 
stoichiometries such as EX3 and EX5.  Nitrogen can only form trivalent halides whilst 
pentavalent halides can be formed with other elements of the group. These group 15 
halogen compounds can be made by direct halogenation keeping the element in excess to 
form trivalent halides, and keeping the halogen in excess to get the pentavalent form. 
Trihalides can also be formed by electrolysis. Most of the group 15 pentavalent halides 
display trigonal pyramidal structures in which the axial E-X bonds are slightly longer than 
the equatorial E-X bonds. 
Phosphorus is the second most abundant group 15 element after nitrogen, and is more 
abundant than the three heavier group 15 elements combined. The first commercial use of 
phosphorus was in the 19th century in the match industry where it was still produced from 
urine. These days the commercial production of phosphorus involves reduction of 
phosphate rock with carbon in an electric furnace to give elemental phosphorus. The 
element volatilises out and is condensed under water as solid white phosphorus. The waxy, 
cubic, white form, α-P4 is the most common form but is also the most volatile and reactive 
form, and the least thermodynamically stable. 
2Ca3(PO4)2  +  6SiO2  + 10 C                                 P4  +  6CaSiO3  +  10CO         1.1 
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The most important commercial use of phosphorus based chemicals is the production of 
fertilizers. Phosphorus is also used in the production of matches, fine china, glass, sodium 
lamps, laundry detergents, soda beverages, toothpastes, steel products, pesticides and 
military applications. Inorganic phosphorus in the form of PO4
3- plays a major role in 
biological molecules as DNA and RNA. Living cells also utilise phosphate to transport 
cellular energy via ATP. Calcium phosphate is used by animals to stiffen their bones and 
teeth. 
Complicated allotropy is exhibited by phosphorus, eleven forms have been reported, of 
which five are crystalline. Crystalline white phosphorus contains tetrahedral P4 molecules. 
White phosphorus is defined as the standard for the element and is metastable.3 
             ΔfH
0 = -139.3 kJ mol-1                                   ΔfH
0 = -139.3 kJ mol-1 
P                                                           ¼ P4                                                                                                             P                  1.2 
Black                                                   White                                                        Red 
The only naturally occurring isotope of phosphorus is 31P, which has a nuclear spin 
quantum number I = ½ (100% abundant), and has a large magnetic moment, making it 
particularly useful in NMR spectroscopy. Six radioactive isotopes of phosphorus are also 
known. Phosphorus forms a wide range of compounds with the halogens, the most 
important of which are the trihalides and pentahalides, the formation of which is 
dependent on the relative ratios of the halogen and phosphorus. 
 
 
 
Chapter 1 Introduction 
 
 16 
1.2 Phosphorus halides 
 
1.2.1 Phosphorus Trihalides PX3 
 
Phosphorus trihalides are very reactive compounds and they are strong electron donors by 
virtue of the lone-pair of electrons present on the phosphorus atom. Phosphorus trihalides 
can cause both acute and chronic poisoning.  
 
P
Cl Cl
Cl P
Br Br
Br
P
I I
I
.. .. ..
P
F F
F
..
98o 100o 101o 102o
1.570 Å 2.043 Å 2.220 Å 2.463 Å
 
Figure 1.1: Structural representation of phosphorus trihalides 
 
All the trivalent halides of phosphorus, PX3, exist as pyramidal molecules with an X/P/X 
angle of about 100°.  
Phosphorus Trifluoride, PF3, is a colourless gas which is odourless in toxic concentrations. 
PF3 is most commonly synthesized by fluorination of the chloride with arsenic or zinc 
fluorides, or potassium fluoride dissolved in liquid SO2. It can also be made by reaction of 
phosphorus trichloride with HF,4 or by reacting copper phosphide with lead fluoride4 as 
shown in equation 1.3 and 1.4 below. 
 
+ 3HCl+PCl3 HF PF3                                  1.3 
2Cu3P + 3PbF2 2PF3 6Cu 3Pb+ +                 1.4 
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The molecular structure of phosphorus trifluoride was determined by Morino and co-
workers in 1968, who studied the molecule via gas electron diffraction.5 Prior to this study 
there had been appreciable differences among the structure of phosphorus trifluoride 
reported in the literature.6-10 Morino and co-workers have determined the P-F bond length 
and F-P-F bond angle to be 1.5700(12) Å and 97.8(2)° respectively. 
Phosphorus trifluoride has the largest dipole moment in the trihalide series due to the 
largest phosphorus–halogen electronegativity difference in the series. In comparison with 
other trihalides the trifluoride is slow to hydrolyse, but the ultimate products of the 
hydrolysis under acidic conditions are phosphorus acid and hydrofluoric acid (1.5). 
 
PF3 + 3H2O H3PO3 + 3HF                         1.5 
 
At high temperatures phosphorus trifluoride reacts with carbon producing 
tetrafluoroethylene and at temperatures above 500°C it will react with silica in glass to 
produce SiF4.  
Phosphorus Trichloride, PCl3, is a liquid at room temperature, and is made commercially 
by the direct action of dry chlorine gas on red phosphorus, suspended in PCl3 (1.6). The 
trichloride can also be made by reduction of the oxychloride by passage over red hot coke 
(1.7), by reaction of element with HgCl2, CuCl2 or SO2Cl (1.8), or by the action of hydrogen 
chloride on phosphorus trioxide (1.9).4   
P4 6Cl2 4PCl3+                                                             1.6 
POCl3 C PCl3 CO+ +                                     1.7 
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2P 3SO2Cl 2PCl3 3SO2+ +                                  1.8 
P4O6 6HCl 2H3PO3 2PCl3+ +                                 1.9 
Phosphorus trichloride was crystallized in situ by Enjalbert and Galy.11, 12 The trichloride 
participates in a range of chemical reactions due to the lone pair of electrons, highly polar 
nature of P-Cl linkage and its donor or acceptor ability (figure 1.2). 
PCl3
P
POCl3
H3PO3
PCl5
PCl2Br + PClBr2PF3
RCOCl
R3P
(RO)3P
R2PCl
ROH
S
b
O
, S
O 2
H2O
Cl2PBr
3
ZnF
2R
CO
OH
RMgB
r
R
2 PO
R
 
Figure 1.2: Reactivity of Phosphorus Trichloride 
 
In industry phosphorus trichloride is used for its conversion into phosphorus oxychloride, 
POCl3, thiophosphoryl chloride PSCl3 and the manufacture of organophosphate and 
thiophosphite esters for their use in the production of insecticides. PCl3 is used in the 
synthesis of lauroyl chloride (1.10), which in turn is used in the manufacturing of rubbers, 
vinyl plastics and silver polishes.13 Similarly its conversion into octyl chloride (1.11) is used 
for the production of synthetic detergents.13 
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PCl3 3CH3(CH2)10COOH 3CH3(CH2)10COCl H3PO3+ +      1.10 
PCl3 3CH3(CH2)6CH2OH 3CH3(CH2)6CH2Cl H3PO3+ +      1.11 
 
Phosphorus Tribromide, PBr3, is most conveniently made by the reaction between liquid 
bromine and white phosphorus.13 It shows similar reactivity to the trichloride, although has 
been much less studied, and in some cases the products seem to be much more complex. 
Phosphorus tribromide is isostructural with the trichloride, and the structure was 
determined by Enjalbert and Galy.14 
Phosphorus Triiodide, PI3, is an important oxidising agent, typically made by the reaction 
between iodine and white phosphorus in a specially purified CS2 solution. Lance and co-
workers in 1976 investigated the crystal structure of PI3.
15 In this study it was shown that 
the phosphorus atom was situated above the plane of a nearly ideal hexagonally close 
packed array (HCP) of the iodine atoms and the pyramidal geometry is maintained within 
the solid. The phosphorus atoms and its lone pairs are located in the octahedral iodine site.     
Mixed Trihalides, these are formed from reorganisation when pure trihalides are mixed or 
by halogen exchange reactions. A large number of mixed phosphorus trihalides have been 
identified by raman spectral16 and NMR studies,17, 18 but the examples of those isolated 
include PClF2,
19, 20 PCl2F,
19, 20 PBrF2
21 and PBr2F.
21  
 
1.2.2 Diphosphorus Tetrahalides P2X4 
 
Tetrahalides of the formula P2X4 where X = F, Cl and Br are not very stable. The 
tetrabromide has only been obtained in a stabilised form as a metal complex.22 The 
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tetrafluoride is a colourless gas whilst the tetrachloride is a colourless liquid which 
decomposes to form PCl3 and a polymeric solid.
4  
Tetraiododiphosphine which forms dark red crystals in its most stable form. It can be 
prepared by the reaction of white phosphorus with iodine in a carbon disulfide solution.23 
The structure of P2I4 was originally obtained by Leung and co-workers,
24 more recently Zak 
and Cernik have determined the same structure at 120K.25 The P-I bond distances are 
2.472(2) and 2.475(2) Å, and the P-P bond is 2.230(3) Å. 
 
Figure 1.3: ORTEP representation of the molecular structure of P2I4
25 
 
1.2.3 Phosphorus Pentahalides PX5 
 
The phosphorus pentahalides can be made by the addition of halogen to the trihalides or 
white phosphorus. The pentafluoride is the most stable of the series and is stable upto 
300°C, whilst the pentachloride and bromide completely dissociate at 200 and 35°C 
respectively.26 
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Phosphorus Pentafluoride, Single X-ray diffraction (109K) shows that PF5 has a trigonal 
bipyramidal structure, with the axial P-F bonds (1.580(2) Å) being significantly longer than 
the equatorial P-F bonds (1.522(1) Å).27 In solution the molecule is fluxional on the NMR 
timescale. A doublet is observed for the 19F NMR spectra of this compound, meaning all the 
fluorines are equivalent and coupled to the phosphorus atom of the molecule. This 
stereochemical non-rigidity is an example of Berry Pseudorotation,28, 29 where a 
simultaneous exchange is seen between the axial and equatorial atoms by merely changing 
the bond angle (figure 1.4).  
  
F1 P
F4
F5
F2
F3
PF1 F1 P
F3
F2
F5
F4
F2
F3
F4
F5
 
Figure 1.4: The Berry pseudorotation mechanism in PF5 
 
Phosphorus Pentachloride, PCl5, is made by the reaction between PCl3 and Cl2, and is an 
important reagent, with selected reactions shown in the figure below,   
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PCl5
RCl
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Figure 1.5: Reactivity of Phosphorus Pentachloride26, 30 
 
Electron diffraction data shows that in the gas phase PCl5 is trigonal bipyramidal with axial 
and equatorial (P-Cl) bond lengths of 2.14 and 2.02 Å respectively.30 The solid state 
structure for this compound however shows the presence of tetrahedral [PCl4]
+ (P-Cl = 1.97 
Å) and octahedral [PCl6]
- (P-Cl = 2.08 Å) ions crystallized within a CsCl type lattice.26 
Phosphorus Pentabromide, PBr5, in the gas phase dissociates into PBr3 and Br2. In the solid 
state the product crystallises in the form of [PBr4]
+Br-.26 The structure consists of regular 
tetrahedral PBr4
+ and Br- ions, with an average P-Br distance of 2.15 Å. Every Br- ion in the 
structure is surrounded by four Br atoms belonging to a different PBr4
+ unit, with Br···Br 
distances much smaller than that of the van der Waals separations. 
Phosphorus Pentaiodide, Unlike other pentahalides, PI5 is relatively unknown. The first 
example of the synthesis of PI5 (postulated as PI4
+I-) was described in 1978 by Feshchenko 
and co-workers.31 This result was however contradicted by Klapotke in 1990, who showed 
that the product analysed by Feshchenko was infact a equimolar ratio of PI3 and I2.
32 The 
only known structure is that of the ionic species PI4
+AlI4
-.33 In this structure there are strong 
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I···I cation···anion interactions (dI···I = 3.39-3.45 Å), and the PI4 and AlI4 units are connected 
to a three-dimensional structure by weak iodine-iodine bonds.   
 
1.3 Organophosphorus chemistry 
 
The first synthesis of an organophosphine compound was carried out by Thenard in 1845.34 
Like most trivalent phosphorus compounds, organophosphines are usually very reactive 
substances and are strongly nucleophilic. Many phosphines possess an unpleasant odour 
and are rather toxic, especially the ones that are liquid at room temperature. Most 
phosphines will undergo oxidation with varying consequences, i.e. trimethylphosphine will 
spontaneously combust in oxygen whilst aryl phosphines such as triphenylphosphine are 
much more stable. Phosphines are bases and their base strength depends on substituents 
attached to the phosphorus atom. Generally, for the same R group the basicity of 
phosphines lie in the order:  
 
R3P > R2PH > RPH2 > PH3 
Figure 1.6: Basicity order of phosphines  
 
Crystal structure analyses35 and electron diffraction studies36, 37 on a wide range of 
phosphines have confirmed a pyramidal structure for these compounds. The R-P-R angle is 
influenced by the nature of the substituents attached to the phosphorus atom.   
The most widely studied inorganic ligand systems besides CO, are the tertiary phosphines. 
This is due to the range of steric and electronic PR3 coordination properties that can be 
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achieved, limited only by the introduction of appropriate R groups to the phosphorus 
atom. 
Triphenylphosphine (Ph3P), is a white crystalline solid first reported in 1882.
38, 39 It is one of 
the most widely used ligands of the last century being extensively used in the Wittig 
reaction2 and rhodium catalysed hydrogenation and hydroformylation processes.40 PPh3 is 
also an important component of Wilkinson’s catalyst, [RhCl(PPh3)3].
41 
Primary and secondary phosphines  can be synthesized by reduction of derivatives of 
phosphonous and phosphonic types by LiAlH4 (1.12),
42 from a reaction between metal 
phosphides and alkylating agents (1.13),43 or from a reaction between PH3, RPH2 or PH4I 
with an alkylating agent (1.14).44-46 Reaction 1.14 proceeds via an SN2 mechanism directly 
without addition of base. 
 
2RPX2 LiAlH4 2RPH2 LiAlX4+ +                  1.12 
MPH2 RX RPH2 MX++                        1.13 
HCl++RPH2 CF2=CCl-CF2Cl RHPCF2CHCl=CH2F2        1.14                                                                    
 
Most tertiary phosphines can be synthesised from phosphine halides via the Grignard 
reaction47 or lithium reagents48 containing the desired R groups as shown in equation 1.15. 
 
+
3R'MgBr / R'Li
3MgBrCl / 3LiClPR'3PCl3                1.15 
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Primary and secondary phosphines are easily oxidised with the lower alkyl members 
readily inflaming spontaneously in air. This process can be controlled by reacting the 
phosphine with stoichiometric ratios of hydrogen peroxide or N2O4 in ethanol at 0°C to give 
the phosphine oxides.49, 50 Primary and secondary phosphines readily react with sulfur and 
selenium to give the corresponding sulfides and selenides (1.16).51 The reactions of 
primary and secondary phosphines with free alkali metals, acid halides, Lewis acids and 
halogens have been well documented in the literature.52-54 
 
S (Se) R2P(S)H , R2P(Se)H+R2PH                   1.16 
2X2 2HX+ +RPH2 RPX2                  1.17 
 
The basicity of phosphines generally increases with the degree of substitution, i.e. for the 
methyl phosphine series the following order of basicity is observed:55 
 
PH3 < CH3PH2 < (CH3)2PH < (CH3)3P 
Figure 1.7: Basicity order of phosphines  
 
The trend shown above is generally true for other substitutions, such as isobutyl, octyl and 
phenyl phosphines. Unlike amines, phosphines show no evidence of β-strain due to the 
larger dimension of phosphorus atom compared with nitrogen, which permits the 
maintenance of normal valence angles in tertiary phosphines. The basicity of phosphines is 
determined mainly by inductive, resonance, steric and hybridization effects.56 
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Generally phosphines are stronger nucleophiles than amines due to the increased steric 
effects on amines relative to phosphines.53 Phosphine ligands generally act as σ-donors 
towards a metal centre, with the nucleophilicity also being affected by the nature of the 
substituent’s residing on the phosphorus atom.    
Tertiary phosphines can also accept π electrons, they do so by filling up their vacant d 
orbitals from the filled non-bonding d orbital’s of the metal centre. This π accepting ability 
is greatly influenced by the R groups, i.e. the more the R group is electron withdrawing the 
greater the π accepting ability. The trend for π acceptance is. 
PF3  >  P(OPh)3  >  PH3  >  P(OR)3  >  PPh3  ~  PR3  >  P
tBu3 
Figure 1.8: π acceptance trend of phosphines  
Steric effects also play a central role in the chemistry of phosphines, affecting the 
molecular structures, rates of reactions, equilibrium constants and product distributions. 
The steric factors can be accounted for by measuring the size of the ligand as described by 
Tolman57, 58 by measuring the cone angle. The cone angle is the angle swept out by the van 
der Waals radii of the groups attached to the phosphorus centre and is measured by this 
general equation. 
 
θ = ቀଶ
ଷ
ቁ∑ θi/2ଷ୧ୀଵ  
Equation 1.18: Tolman’s equation for measuring the cone angle 
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Tertiary phosphines readily add to polarised or polarisable double bonds. Tertiary 
phosphines are effective reducing agents, with the aliphatic members being more effective 
than the aromatic phosphines. It is this ability which makes their addition to oxygen, sulfur, 
selenium, tellurium and halogens possible. This reactivity aspect of tertiary phosphines will 
be discussed in detail later in this chapter. 
 
1.4 Organophosphorus halides 
 
The most successful method for the synthesis of organophosphorus halides is the direct 
halogenation of phosphines with the desired halogen. Both the halogen and the phosphine 
must be used in stoichiometric ratios, in an inert atmosphere (1.19, 1.20). 
 
RPH2 2X2 RPX2 2HX+ +                                 1.19 
R3P X2 R3PX2+                                                   1.20 
 
1.4.1 Organophosphorus(III) halides 
 
Organophosphorus(III) halides are colourless liquids with a sharp disagreeable smell and 
are very sensitive to moisture and air. Halophosphines in general are very reactive but the 
reactivity decreases with increasing molecular weight  
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1.4.1.1 R2PX  
 
The only crystallographic study into R2PX compounds was published by Dillon and 
coworkers.59, 60   In this study they reacted lithiated precursors of 2,6-(CF3)2C6H3 (Ar’) and 
2,4-(CF3)2C6H3 (Ar’’) with PX3 in order to isolate and characterize a range of products as 
shown in figure 1.9. The structures of Ar’2PCl, Ar’Ar’’PCl, Ar’’2PCl and Ar’’2PBr were 
published in this study.   
E
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Figure 1.9: Reaction of Ar’Li/Ar’’Li with EX3 
1.4.1.2 RPX2 
 
Phenylphosphonus dichloride, PhPCl2, can be made by a reaction between benzene, 
phosphorus trichloride and aluminium trichloride, followed by treatment with pyridine 
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(1.21), a reaction first discovered by Michaelis in 1876.61 PhPCl2 is an important 
intermediate in industry and can be bought commercially. 
 
3PCl3 C6H6 AlCl3 PhPCl2.AlCl3 PhPCl2 AlCl3.Py+ ++
600oC Py
     1.21  
 
Compounds of the type RPX2 have recently attracted much interest with respect to the 
potential application of these compounds as novel electronic materials.62, 63 There have 
been very few examples of crystallographic studies of these compounds in literature. 
Overlander and co-workers64 have published the structure of 2,6-(2,4,6-Me3C6H2)2C6H3PCl2, 
a sterically crowded dichlorophosphane. Owing to the steric congestion, the phosphine 
unit in 2,6-(2,4,6-Me3C6H2)2C6H3PCl2 results in a large change in the P-C-C angle to relieve 
the steric strain. Schmutzler and co-workers have published the synthesis of several 
compounds of the type RPF2,
65, 66 but their only x-ray study was performed on 
difluoro(mesityl)phosphine.67   
 
1.4.2 Organophosphorus(V) halides 
 
1.4.2.1 RPX4 
 
The structure and indeed the existence of PI5 has been subject of much debate in 
literature.32 Surprisingly very little is known about the chemistries and structures of 
analogous RPI4 compounds. The only structural study into compounds of this type has 
been published by duMont and co-workers.68 Structural studies of t-BuPI4, i-PrPI4 and 
MePI4 reveal ionic structures of the type [RPI3]
+[I]-, with strong cation anion interactions.68 
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This cooperative cation-anion I···I interaction leads to layered structures for MePI4 and i-
PrPI4, and a three dimensional network for t-BuPI4. 
 
1.4.2.2 R2PX3 
 
duMont and co-workers69 followed the reactions of dialkyldiiodophosphanes R2PI, (R = t-
Bu, i-Pr, Et) with various molar ratios of iodine by NMR spectroscopy in solution, and 
determined the solid state structures of R2PIn (n = 3, 4, 5). In this study it was shown that 
increasing the iodine content of R2PI3/I2 systems leads to decreasing I···I interactions 
between cations (R2PI2
+) and anions (I- > I3
-). This is shown by 31P NMR downfield shifts in 
solution, and in the solid state R2PI2
+···I- interactions are much stronger than that of 
R2PI2
+···I3
- interactions. duMont and co-workers have also shown that supramolecular soft-
soft interactions of the diiodo(tert-butyl)(isopropyl)phosphonium cation with varying 
amounts of iodine results in the formation of chains, helices and columnar structures.70 
A solid state study of the structure of Ph2PCl3 described as a trigonal bipyramid with two 
chlorines in the axial and one in equatorial position was published by Bell and co-workers 
in 1999.71 The axial P-Cl bonds at 2.227(2) Å are significantly longer than the equatorial 
bond (2.011(3) Å). An ionic form of diphenyltrichlorophosphorane formulated as 
[Ph2PCl2]
+Cl3
-.Cl2 was isolated from treating Ph2PCl2 with excess chlorine and published by 
Taraba and Zak.72   
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1.4.2.3 R3PX2 
 
Triorganophosphorus halide compounds (R3PX2) exhibit electrophilic behaviour and have 
historically found use in synthetic organic chemistry as precursors to siloxyphosphoranes, 
in aminolysis reactions,73 ring opening operations and in the conversion of vicinal diols into 
olefins.74 They can also be used to convert alcohol and phenols into organohalides, for 
example, 
 
Y OH + Ph3PBr2 Y Br + +HBr Ph3P=O
                                                                                                                                                   1.22    
          
The first examples of  R3EX2 (E = P, As, Sb) type compounds were synthesised and described 
by Michaelis over a hundred years ago who prepared Ph3PX2 (X= Cl, I),
75 Ph3AsX2 (X= Cl, Br, 
I),  Ph3AsI4, Ph3AsI2Br2
76 and Ph3SbX2 (X= Cl, Br, I).
77 As expected these compounds are 
prepared by direct halogenation of tertiary phosphines to yield compounds which are air 
and moisture sensitive.13, 78, 79 
 
R3P + X2                                                                                                                      R3PX2     (X=Cl, Br, I)                                                    1.23 
 
Other methods of synthesis include oxidative addition reactions of R3P with metal or 
inorganic salts.80-82 Ph3PCl2 has also been synthesised from a reaction between Ph3PO and 
gaseous Cl2.
83 The reaction between phosphorus pentachloride and triphenyl phosphine 
also yield Ph3PCl2.
83 These compounds have been characterised using a wealth of 
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techniques including vibrational,84 electronic,85 31P{1H} NMR spectroscopy,86 conductimeric 
titrations87 and X-ray crystallography. 
It was traditionally believed that compounds with the general formula R3PX2 adopted one 
of the two possible structures, either the molecular trigonal bipyramidal, figure 1.10(i), or 
the ionic tetrahedral species, figure 1.10(ii). McAuliffe and coworkers88 in 1991 identified a 
third structural type; a molecular “spoke” of a four coordinate charge transfer species, 
figure 1.10(iii). 
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       (i)                                         (ii)                                               (iii) 
Figure 1.10: Structures of R3P X2 compounds 
i:   Molecular, trigonal bipyramidal 
ii:  Ionic, tetrahedral 
iii:  Molecular spoke 
 
Investigation into the structure of these species have shown that a delicate balance exists 
between the molecular and the ionic forms which is influenced by the polarity of the 
solvent used in preparation and also the nature of the substituent’s on the  phosphorus 
atom. 
R3PF2, Theoretical studies by Hoffmann and co-workers in 1972 on the molecular orbital 
description of the bonding of pentacoordinated phosphorus species suggested that the 
equatorial substituent with a single π system would prefer to have its acceptor orbital 
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perpendicular to the equatorial plane, with the donor orbital lying in the equatorial 
plane.89 To further investigate this theory Sheldrick performed an X-ray study on (C6F5)3PF2 
in 1975,90 to see whether the π donating C6F5 group would lie in the axial plane (as 
expected based on the electronic effects), or whether the steric demands force the bulky 
C6F5 groups into the equatorial positions. (C6F5)3PF2 exhibits a trigonal bipyramidal 
geometry with the fluorine atoms occupying the axial positions and the C6F5 groups lie in a 
propeller like arrangement about the equatorial plane. The structure of Ph3PF2 published 
by Doxsee and co-workers91 is isostructural with (C6F5)3PF2. However, whereas all the C6F5 
groups in (C6F5)3PF2 are in propeller like arrangement, one of the phenyl rings in Ph3PF2 
structure opposes the propeller like arrangement of the other two rings (Fig 1.11).  
 
Figure 1.11: ORTEP representation of the molecular structure of Ph3PF2 (taken from ref. 91) 
The P-F bond length in Ph3PF2 at 1.663 (2) Å, is slightly longer than that of (C6F5)3PF2 [1.636 
(2) Å]. This is due to the increased electrophilicity of phosphorus in (C6F5)3PF2 owing to the 
electron withdrawing nature of the C6F5 group. The P-C bond length in both structures is 
approximately 1.82 Å showing that the π bonding effects in structural conformations are 
quite subtle. Holmes and co-workers92 have prepared and structurally characterised a 
series of difluoride phosphoranes containing bulky R groups by fluorinating the precursor 
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organophospines with the use of dimethylaminosulfur trifluoride (methyl DAST) in ether. 
The structures of Ph(o-Tol)2PF2, Mes3PF2, Ph(Np)2PF2 also have trigonal bipyramidal 
geometry with the P-F and P-C bond lengths shown in the table below; 
 
Compound Ave. P-Fax Å Ave. P-C Å 
Ph(o-Tol)2PF2 1.683 1.803 (Ph), 1.827 
Mes3PF2, 1.685 1.849 
Ph(Np)2PF2 1.675 1.812 (Ph), 1.820 
 
Table 1.2: P-F and P-C bond lengths for selected fluorophosphoranes 
 
R3PCl2, Compounds with the general formula R3PCl2, are important chlorinating agents and 
some are also commercially available. Detailed 31P{1H} NMR spectroscopic studies86, 93-95 
have concluded that these compounds are ionic in MeCN and CH2Cl2  solutions. These 
results were also confirmed by Harris and coworkers96, 97 who performed conductimetric 
titrations on Ph3PCl2 in acetonitrile solutions and showed that the conductance of  Ph3PCl2 
was slightly lower than that expected for a 1:1 electrolyte, which points towards a 
predominantly ionic character in MeCN solution. The same studies by Harris and 
coworkers96 were also performed in MeCN solution and the conclusion for the mode of 
ionisation was: 
 
2Ph3PCl2 [Ph3PCl] + [Ph3PCl3]                         1.24 
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31P{1H} NMR spectroscopy has been extensively used to elucidate the structure of 
Ph3PCl2.
93, 95, 98 Denney and co-workers93 investigated the structure of Ph3PCl2 by 
monitoring the product formation via 31P{1H} NMR spectroscopy when a varying amount of 
chlorine was added to Ph3P in nitrobenzene. When Ph3P was in excess a single peak 
between -9 and -11 ppm indicated the presence of molecular Ph3PCl2, however addition of 
excess chlorine shifted the resonance to 65 ppm indicating an ionic [Ph3PCl]
+[Cl]- product. 
In this study the authors did not rule out the possibility of there being a resonance 
between the ionic and molecular form in solution.  
Raman spectroscopic studies of Ph3PCl2 performed by Gates and coworkers
99 suggest 
however that two structural modifications can exist. They reported an ionic compound 
when chlorine gas is bubbled through as solutions of triphenylphosphine in toluene [v(P-Cl) 
= 593 cm-1] and a trigonal bipyramidal compound [v(P-Cl) = 274 cm-1] when a stream of 
chlorine gas is passed over the same solution. 
In 1996 Godfrey and coworkers100 reported a crystallographic study performed on the 
product prepared from a reaction between triphenyl phosphine and dichlorine in 
dichloromethane solution. The product was recrystallised from a 1:1 solution of 
dichloromethane and diethyl ether solution. The structure was not revealed to be trigonal 
bipyramidal species, Ph3PCl2 or the simple ionic species [Ph3PCl]Cl which had been 
proposed from the studies in the past but instead a unique dimeric ionic species, 
[Ph3PCl
...Cl...ClPPh3]Cl.2CH2Cl2, Figure 1.2, was reported.
 This dinuclear ionic species has a P-
Cl bond length of 2.015(9) Å and long Cl-Cl contacts [3.279(6) Å] compared with the sum of 
van der Waals radius for two chlorine atoms, 3.6 Å. Although no bonding interactions 
between [Ph3PCl
...Cl...ClPPh3]Cl and dichloromethane are observed, there is a long term 
electrostatic interaction between the hydrogens of the dichloromethane and the chlorine 
in the structure. The 31P{1H} NMR spectrum in CDCl3 revealed a single resonance at 65.5 
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ppm. This value is the same as the one quoted previously and the adduct therefore is ionic 
in CDCl3, due to the cleavage of the weak Cl-Cl bond in solution. 
 
Figure 1.12: ORTEP representation of the molecular structure of [Ph3PCl
...Cl...ClPPh3]Cl.2CH2Cl2 
(taken from ref. 100) 
 
The effects of the solvent on the structure of Ph3PCl2 was further investigated by Godfrey 
and coworkers,101 who prepared the compound from the less polar diethyl ether. The 
product was recrystallised from Et2O to yield crystals which were shown to be the trigonal 
bipyramidal Ph3PCl2 species, as shown in figure 1.13. This compound contains two 
molecules in the asymmetric unit, with P-Cl bond lengths of 2.252(2) and 2.262(2) Å in one 
molecule and 2.280(2) and 2.225(1) Å in the second molecule. This difference of P-Cl 
lengths is attributed to the close proximity of the phenyl hydrogens of one molecule to the 
chlorine atoms in the other molecule, this can be attributable to the partial ionisation of 
the species.  
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Figure 1.13: ORTEP representation of the molecular structure of Ph3PCl2 (taken from ref. 101) 
 
31P{1H} NMR spectroscopic shifts for this compound in C6D6 revealed a single peak at -47.5 
ppm, which is very different from the ionic +65.5 ppm obtained in CDCl3. This proves that 
covalent character can be achieved in the solution phase using solvents of low polarity. 
Godfrey and coworkers102 have also shown that the R groups play a major role in the 
structural motifs adopted by R3PCl2 compounds. Crystal structures of (C6F5)3PCl2, 
Ph2(C6F5)PCl2 and 
nPr3PCl2 were reported. When dichloromethane is used as the solvent the 
first two compounds were shown to have molecular trigonal bipyramidal geometry, whilst 
the last was shown to be ionic. The reason for these differences is due to the electron 
withdrawing C6F5 groups in the first two compounds which make the phosphorus atom less 
basic and hence chlorine oxidises the atom to phosphorus(v). A table containing all 
reported R3PCl2 structures is shown below (table 1.3); 
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Compound d(P-Cl)/ Å Structural type Reference 
(C6F5)3PCl2 2.211(2), 2.211(2) Molecular 
103 
(C6F5)3PCl2 2.1995(10), 2.2005(10) Molecular 
104 
(C6F5)Ph2PCl2 2.244(2), 2.241(3) Molecular 
103 
[Pr3
nPCl][Cl] 2.008(9) Ionic 105 
[Ph3PCl...Cl...ClPPh3]Cl 2.015(9) Ionic 
100 
Ph3PCl2 
2.280(2), 2.225(1) 
2.262(2), 2.252(2) 
Molecular 101 
 
Table 1.3: A comparison of P-Cl bond lengths of R3PCl2 compounds. 
 
R3PBr2, Under strict anhydrous conditions Harris and coworkers,
96 conductimetrically 
titrated triphenyl phosphine with bromine and showed that the reaction formed both 
Ph3PBr2 and Ph3PBr4. Molar conductance studies of Ph3PBr2 showed that the compound 
was  predominantly ionic in solution, although there is an equilibrium between the ionic 
and the molecular species, eqn. 1.25. 
 
                Ph3PBr2 [Ph3PBr]
+Br-                1.25 
 
Dillon and Waddington106 recorded the 31P NMR spectrum of Ph3PBr2 both in the solid state 
and in nitrobenzene solution. Both spectra showed a peak at 48ppm, indicating an 
tetrahedral ionic structure for both the solid and solution phase. Wiley and Stine86 
recorded the 31P NMR spectrum of nBu3PBr2 in acetonitrile and nitrobenzene solutions. A 
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single resonance at 104 ppm was observed in both solutions and this resonance shifted 
only slightly to 102 ppm on addition of a Lewis acid, indicating that this compound exists as 
a phosphonium salt, [nBu3PBr]Br, in solution. 
McAuliffe and Godfrey107-110 have prepared a series of triorganophosphorus dibromides in 
diethyl ether and characterised them via 31P{1H} NMR spectroscopy both in the solid state 
and in CDCl3 solution. The selected results are shown in table 1.4 below but in light of the 
results described in section 2.3 these results may not be totally occurate. 
 
Compound 
Solid state 
31P{1H} NMR shifts / ppm 
Solution 
31P{1H} NMR shifts / ppm 
(p-FC6H4)3PBr2 54.1   45.2   32.4   22.3 47.0 
Ph3PBr2 51.4   46.2   33.9   24.0 49.2 
PhMe2PBr2 75.5   67.8   32.4   45.1 67.7 
(Me2N)3PBr2 48.7   47.3 48.2 
[2,4,6-(MeO)3C6H2]3PBr2 -57.3 -52.0 
 
Table 1.4: Table showing some of the 31P NMR shifts for the R3PBr2 type compounds 
   
X-ray crystallographic studies on Ph3PBr2 were performed by McAuliffe and coworkers.
107 
The product was prepared in (and recrystallised from) diethyl ether, and displays a four 
coordinate charge transfer (molecular spoke) structure, Figure 1.14. A linear P-Br-Br motif 
was observed with a Br-Br bond length of 3.12 Å. This bond is much longer than in 
dibromine (2.28 Å) but still within the sum of the van der Waals radius of two bromine 
atoms (3.9 Å). In the same studies it was shown with the help of 31P NMR spectroscopy 
that Ph3PBr2 ionises in more polar solvents, i.e. CDCl3. 
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Figure 1.14: ORTEP representation of the molecular structure of Ph3PBr2 (taken from ref. 107) 
 
Godfrey and coworkers111 have published the crystal structure of (C6F5)3PBr2 which exists as 
a molecular trigonal bipyramidal compound. This also shows the R group influence on the 
structure, with the less basic R groups favouring trigonal bipyramidal geometry. The crystal 
structure of Et3PBr2 has also been published where the phosphorus atom is contained in a 
tetrahedral geometry with long contacts [3.302(2) Å] between the two bromine atoms. The 
structure was therefore described as ionic, [Et3PBr]Br, with a significant Br···Br cation-anion 
interaction. The dichloromethane solvated ionic structure of iPr3PBr2 has been published 
by Dumont and co-workers,105 with ion dipole interactions between the Br- and the 
hydrogen atom of the dichloromethane solvent.  
R3PI2, The solid state structure of Ph3PI2 has been studied various techniques, including 
31P 
NMR, Raman and infrared spectroscopy.112 A solid state NMR study of Ph3PI2 prepared in 
nitrobenzene by Dillon and Waddington106 has shown a chemical shift of 42.5 ppm. This 
value of 42.5 ppm is close to that observed for the ionic Ph3PBr2, and hence it was 
concluded that Ph3PI2 is infact an ionic species, [Ph3PI]
+I-. A raman study performed on a 
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range of Ph3PIX (X = I, Cl, AsF6) compounds by Klapotke
112 has shown a strong band at 
169cm-1, in each case this band is assigned to v(P-I) in [Ph3PI]
+. 
A series of substituted triaryl, mixed aryl/alkyl and trialkyl diiodophosphoranes has been 
reported by Godfrey and co-workers,102 where they studied these compounds with the 
help of 31P NMR and Raman spectroscopy. A detailed study published later by Deplano and 
Godfrey113 has shown that the 31P NMR shift at 42.5 ppm, reported for Ph3PI2 is infact 
probably due to the hydrolysed cationic species (either [Ph3POH]
+ or [Ph3POH···OPh3P]). 
This report further illustrates the moisture sensitive nature of these compounds. 
The first crystal structure analysis on a diiodophosphorane was performed by duMont and 
co-workers114 in 1987 when they reported the four coordinate molecular structure of 
tBu3PI2, which features a near linear arrangement of P-I-I [177.6(1)°]. tBu3PI2 shows the 
lengthening of the I-I bond with respect to molecular I2 (3.32 Å compared to 2.67 Å), but 
this is still well within the sum of the van der Waals radius of two iodine atoms (4.3 Å). 
McAuliffe and coworkers88 have crystallographically characterised Ph3PI2, which was 
prepared and recrystallised from diethylether, figure 1.15. The compound was not the five 
coordinate Ph3PI2 or the ionic phosphonium species [Ph3PI]
+I- as suggested by previous 
workers,96, 106, 115, 116 but instead a four coordinate molecular charge transfer structure. The 
I-I bond (3.16 Å) was considerably shorter than that of tBu3PI2 but still elongated compared 
to I2. In the same study it was also shown that the molecule ionises in 1,2 dichloroethane, 
as the 31P{1H} NMR spectrum for this solution shows a chemical shift of 44.8 ppm. 
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Figure 1.15: ORTEP representation of the molecular structure of Ph3PI2 (taken from ref. 88) 
 
Crystallographic studies performed on Ph3PI2 and tBu3PI2 have shown that the I-I bond is 
weakened with the increasing basicity of the tertiary phosphine. To further understand this 
relationship, the structure of the more basic PhMe2PI2 was described by McAullife and co-
workers.117 As expected the lengthening of the I-I bond (3.41 Å) in the four coordinate 
molecular “spoke” structure was seen. This is due to the donation of electron density by 
the more basic phosphine into the σ-antibonding orbitals of the diiodine. The structure of 
(o-CH3C6H4)3PI2 published by Godfrey and co-workers
118 has shown unusually long P-I bond, 
(2.5523(12) Å), and short I-I bond, (3.0724(4) Å). This anomalous result is attributed to the 
high steric demands of the phosphine (cone angle 192.2°). 
 
1.5 Organophosphorus Polyhalide Compounds 
 
Reports concerning 1 : 2 R3PX4 adducts are scarce in literature despite the fact that these 
compounds have been known for over a century.75 The few reports published are those of 
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R3PI4 adducts. Harris and co-workers
96, 97, 119, 120 have performed conductometric titrations 
on R3PI4 type compounds, and shown that these are ionic in acetonitrile solution, [R3PI][I3]. 
This conclusion was reached because the acetonitrile solution of R3PI4 adducts gave 
conductance values very close to that expected for a 1 : 1 electrolyte, and the presence of 
the triiodide anion was confirmed by visible spectroscopy. 
The first crystallographic study into compounds of the type R3PI4 was published by 
Gridunoro and co-workers121 who described the structure of (Fc)3PI4 (Fc = Ferrocenyl). 
Cotton and Kibala122 reported that the products formed from the reaction between 
triphenyl phosphine and two equivalents of iodine are solvent dependent. The reaction 
performed in dichloroethane gave [(PPh3I)2I3]I3. The crystal structure of this product shows 
parallel zig-zag chains of [(PPh3I)2I3]
+ cations sandwiched between layers of I3
- anions. The 
same reaction in toluene produces the compound [PPh3I]I3. The X-ray study of this 
compound reveals the same structure as [(Fc)3PI]I3 described previously by Gridunova and 
co-workers. There are strong interactions between the [PPh3I]
+ cation and the I3
- anion 
(3.551(1) Å). The individual [PPh3I]I3 units are further linked into a polymer by weak 
interactions between the triiodide anion [d(I-I) = 3.741 Å]. In contrast to the study above 
there are no cation-anion interactions in the structure of [PPh3Br][Br3],
123 the compound 
exists as discrete [PPh3Br]
+ cation and tribromide anion. Pritchard and Moreland124 
investigations into the products formed between the reactions of triphenylphosphine and 
iodine when no solvent was used led to the discovery of [Ph3PI]
+[I5]
- (fig 1.16). This is the 
third member of the series Ph3P(I2)n (n = 1, 2, 3). [Ph3PI]
+[I5]
- is related to the [Ph3PI]
+[I3]
- 
described by Kibala and co-workers where there is a strong interaction between the cation 
and the anion, and the individual [Ph3PI]
+[I5]
- units are further linked into a polymer by 
weak interactions with the I5
- anion. The I5
- anion is described as V-shaped [(I-).2I2]. 
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Figure 1.16: ORTEP representation of the molecular structure of [Ph3PI]
+[I5]
- (taken from ref. 124) 
 
Godfrey and co-workers125 have published a variety of R3PI4 compounds. These products 
were characterised via elemental analysis, NMR and visible spectroscopy. The crystal 
structures of Pr3
iPI4 and (Pr2
nN)3PI4 published in this study revealed different solid state 
structures to any of the R3PI4 structures published before. Pr3
iPI4 exists as [(Pr3
iPI)2I3]I3, 
which contains two [Pr3
iPI] cations weakly linked to one of the two terminal iodine atoms 
of the same triiodide anion. The structure also contains a discrete anion. (Pr2
nN)3PI4 is an 
ionic structure, [(Pr2
nN)3PI]I3, with a weak cation-anion interaction.        
 
1.6 Organophosphorus Interhalogen Compounds  
 
 Although there is a great deal of interest in compounds of the type R3PX2, examples of 
compounds formed between mixed halogens and tertiary phosphines, R3PX(X`), are much 
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rarer in the literature. These types of compounds were first investigated by Harris and co-
workers96, 119 using conductimeric titration methods. In this study Harris and co-workers 
have shown that ionic products of the type [R3PX][X3] were formed from the reactions of 
Ph3PCl2 with halogens and interhalogens. The ionic nature of the products was deduced 
from their high molar conductances. The reactions between Ph3PCl2 and ICl, IBr and ICl3 
gave graphs of type A. The reactions between Ph3PCl2 and bromine and iodine gave graphs 
of type B, whilst the type C graphs were only formed by the reactions between Ph3SbCl2 
and halogens and interhalogens. The graph obtained from this investigation is shown in 
figure 1.17 below. 
 
Figure 1.17: Conductometric titrations of Ph3ECl2 with halogens and interhalogens (taken from ref. 
119) 
The type A graph which takes a distinct break at a molar ratio of 1 : 1 is showing the clear 
formation of a tetrahalide species, whilst the high values of molar conductance after the 
break are indicative of the ionic species as shown in equation 1.26. 
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Ph3PCl2 + ICl Ph3PCl3I Ph3PCl+ICl2             1.26 
 
The components in system B interact similarly to give the tetrahalides with incomplete 
reaction at the 1 : 1 equivalence point  as shown by the blunt break in the graph, this 
process is summarised in equation 1.27 below. 
 
Ph3PCl2 + Br2 Ph3PCl2Br2 Ph3PCl+Br2Cl         1.27 
 
Conductance measurements on the Ph3PIBr system also showed a break in the plot at 1 : 1 
molar ratio of the reactants, but the yellow solid isolated from the sample was analysed as 
Ph3PI1.5Br0.5. Products formed between Ph3P and two equivalence of IBr, were also  1 : 1 
electrolytes and analysed as [Ph3PBr]
+[Ph3PI]
+ (I-)2, and [Ph3PBr]
+[I2Br]
-.  
Dillon and co-workers have also shown that the ionic species, [Ph3PX][X] (where X = Cl, Br, 
I), can be formed by the reactions between Ph3P and ICl and IBr, in non polar solvents. 
These adducts were assigned on the basis of solid state 31P NMR spectroscopy.115 These 
results have shown the formation of Ph3PI
+Cl- species due to the shift at 40.5 ± 2 ppm. The 
results obtained from the Ph3PIBr work are less clear, as the 
31P NMR spectrum shows a 
shift at 41.7 ± 2 ppm, which is close to the shifts obtained for Ph3PI2 (42.5 ± 1 ppm) and 
Ph3PBr2 (48.6 ± 0.5 ppm). 
The only example of a cystallographically characterised R3PX(X`) adduct is Ph3PIBr, reported 
by McAuliffe and co-workers in 1993.126 The product was crystallised from analytically pure 
sample of Ph3PIBr in diethylether-1,2 dichloromethane (1 : 1), and the adduct showed 
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partial occupancy of halogens at both sites as shown in figure 1.18. The halogen atom 
bound directly to the phosphorus atom is 86(2)% I and 14(2)% Br (% atom). The iodine-
bromine bond is 3.062(2) Å which is lengthened with respect to molecular I-Br (2.52 Å) but 
still within the sum of the van der Waals radii of the individual ions (4.1 Å).   
 
Figure 1.18: ORTEP representation of the molecular structure of Ph3PIBr (taken from ref. 126) 
    
1.7 The nature of pseudohalogen adducts of tertiary phosphines, 
(R3PE(R)X) (where E = Se, Te)(R = Ph) 
 
The first example of the type of compounds with the general formula, R3PREX, in the form 
of Ph3PTe(2-Naphtyl)I, was described by Petragnani and Moura Campos in 1965.
127 The 
second example which also was first to be crystallographically characterised was 
Ph3PSe(Ph)I, published in 1999 by Godfrey and co-workers (figure 1.19).
128 The X-ray study 
of this compound revealed it to be a charge transfer compound. The Se-I distance 
(3.2564(5) Å) was within the sum of the van der Waals radii of the two atoms, and the 
molecule displays a T-shaped geometry at the selenium centre, with a linear P-Se-I angle of 
176.09(5) Å. A charge transfer tellurium analogue, Ph3PTe(Ph)I was also published by 
Godfrey and co-workers.129 
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Figure 1.19: ORTEP representation of the molecular structure of Ph3PSe(Ph)I (taken from ref. 128) 
 
In contrast to the above studies, the reaction of the basic tertiary phosphine, (Me2N)3P, 
with PhSeI resulted in formation of the ionic species (Me2N)3PSe(Ph)I.
130 The structural 
diversity of these type of compounds depends on a range of factors, two important ones 
being the type of R groups and the identity of the halogen. To a lesser extent the solvent of 
preparation can also play a part. This structural isomerism (CT vs. ionic) was further 
investigated by Godfrey and coworkers,131 by reacting PhSeBr with a range of basic and 
weakly donating phosphines. From this study it can be concluded that the highly basic R 
groups on the tertiary phosphines result in the formation of ionic phosphonium salts, 
[R3PSePh][X], whilst with more weakly donating R groups lead to the formation of charge 
transfer adducts R3P-Se(Ph)-X.
 However, the highly basic trimethyl phosphine, 
Me3PSe(Ph)Br adopts a CT structure in the solid state. This result may be explained by 
looking at the extended structure for this compound (fig. 1.20), packing of which is 
dominated by the formation of hydrogen bonds between the protons of methyl groups 
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and the bromine atoms. Hence steric factors and crystal packing interactions can also 
influence the structural isomerism. 
 
Figure 1.20: Extended crystal structure of Me3PPhSeBr (taken from ref. 131) 
 
The influence of steric and electronic effects using PhSeI and a range of tertiary phosphines 
were further instigated by Godfrey and coworkers.118 From this study it was found that 
highly basic phosphines result in a lengthening of the Se-I interaction, and a preference for 
an ionic structure. The products formed were further classified into four different 
categories by the authors; 
I. Charge transfer products in solid state which display fluxionality in solution 
Chapter 1 Introduction 
 
 50 
II. The products formed in this category lie close to CT/ionic borderline in solid state, 
with long Se-I contacts and can be classified as [R3PSePh] acceptor / I
- donor CT 
complexes 
III. Ionic products in solution, but frequently show weak cation-anion, or cation-
solvent interactions in solid state 
IV. Ionic products featuring bulky phosphines with no significant Se···X interactions in 
the solid state 
The reactions of basic phosphines (Et2N)3P, (
nPr2N)3P, (C4H8N)3P and (C4H8N)2
tBuP with 
(Ph2Se2I2)2 also led to the formation of phenylseleno-phosphonium salts, [R3PSePh]I.
132 
 
1.8 The nature of R3PEX2 compounds (Where R = alkyl, aryl; E = S, Se; X = 
I, Br, Cl, F) 
 
The reactions of tertiary phosphine chalcogenides, R3PE (E = S, Se, Te) with dihalogens 
were first reported by Zingaro and co-workers in the 1960’s.133-137 Since then, a number of 
reports have shown that the adducts formed from these reactions show considerable 
structural diversity. The motif adopted by a particular adduct has been shown to be 
dependent on the identity of the halogen, the group 16 donor atom, the R groups bound to 
phosphorus, and in some cases, the solvent of preparation. Typically, the adducts formed 
exhibit one of two structural types, viz. a T-shaped geometry at the chalcogen atom, figure 
1.21(i), formed by oxidative addition of the halogen, or a charge-transfer (CT) spoke 
adduct, figure 1.21(ii). 
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Figure 1.21: Structural isomers for R3PEX2 (E = S, Se, and Te) compounds; (i): T-shaped motif, (ii): 
Charge-Transfer “molecular spoke” adduct. 
The reaction of R3PSe with dichlorine has only been briefly studied as these reactions result 
in rapid cleavage of the P–Se bond.138 The reaction initially forms the [R3PSeCl]Cl species at 
low temperature (characterised by 31P{1H} NMR spectroscopy), but these compounds 
decompose above –90C to yield [R3PCl]Cl. Similarly, no compound of stoichiometry 
R3PSCl2 has been reported. However, Chivers and co-workers have recently reported that 
the reaction of Et3PTe with dichlorine results in the formation of a stable compound, 
Et3PTeCl2.
139 This compound has been crystallographically characterised and features a T-
shaped motif at tellurium, as shown in figure 1.21(i). Molecules of Et3PTeCl2 are linked by 
weak telluriumhalogen interactions to form centrosymmetric dimers. 
R3PSeBr2 adducts were first reported by Williams and Wynne in 1976 (R3 = Ph3, (m-tolyl)3 
and (p-tolyl)3),
140 who assigned a T-shaped geometry to these adducts on the basis of 
vibrational spectroscopic data. A T-shaped geometry has subsequently been confirmed 
crystallographically for a series of R3PSeBr2 compounds, R = (Me2N)3, Cy3,
141 iPr3, 
iPr2
tBu, 
iPrtBu2,
142 and a number of dibromine adducts of bidentate phosphine selenides, 
dppmSe2Br4 and dppeSe2Br4 have also been reported to have the same geometry.
143 These 
selenium(II) compounds feature a T-shaped geometry as predicted by VSEPR theory (based 
on a pseudo trigonal bipyramidal arrangement taking into account the two lone pairs on 
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selenium). Typically, in such compounds the Br–Se–Br angle should be distorted from 
linear as a result of repulsion from the lone pairs. These adducts do show distorted Br–Se–
Br angles, but the distortion appears to be towards the lone pairs and away from the bulky 
groups on the phosphine. This distortion is more extreme where there is a higher degree of 
steric hindrance, e.g. in the structure of iPrtBu2PSeBr2 where Br–Se–Br: 159.16(4).
142 A T-
shaped geometry has also been observed for the only reported R3PTeBr2 adduct, 
Et3PTeBr2,
139 although here the Br–Te–Br angle is distorted away from the lone pairs, 
possibly as a consequence of the presence of weak intermolecular Tehalogen 
interactions; similar interactions are not observed in the T-shaped selenium compounds. In 
contrast, the reactions of tertiary phosphine sulfides, R3PS, with dibromine usually result in 
cleavage of the P–S bond and formation of R3PBr2.
144 Some exceptions are known, for 
example, R3PSBr2 can be isolated when R = Cy (although this compound also undergoes P–S 
bond cleavage in polar solvents), and the reaction of dibromine with (Me2N)3PS results in 
formation of an S3 bridged dinuclear ionic species, [(Me2N)3P–S–S–S–P(NMe2)3][Br3]2 in 
moderate yield.144 
The reaction of Et3PTe with diiodine also yields a T-shaped compound, Et3PTeI2,
139 but the 
reactions of R3PE (E = S, Se) result in the formation of charge-transfer (CT) spoke adducts of 
the type shown in figure 1.21(ii).134, 137, 143-148 These adducts consist of a 3c-4e CT system, 
and display I–I bond lengths lengthened with respect to diiodine in the solid state, 2.715(6) 
Å,149 as a consequence of donation of electron density from the chalcogen atom to the * 
antibonding orbital of the diiodine molecule. Tertiary phosphine selenides are better 
donors towards diiodine than analogous tertiary phosphine sulfides, as illustrated by a 
comparison of (Me2N)3PSeI2 and (Me2N)3PSI2. In the former, the I–I distances are 2.959(2) / 
2.965(2) Å,145 considerably longer than the I–I bond in the latter, 2.856(1) Å,144 and 
consistent with the greater donating ability of the phosphine selenide. The geometry at the 
chalcogen atom is bent in the CT adducts as a result of the presence of the two lone pairs 
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at selenium. The P–E–I (E = S, Se) angles in these molecules are typically 100–108 and thus 
show distortion from the idealised angle for a pseudo-tetrahedral arrangement due to a 
combination of repulsion from the lone pairs, and retention of some double bond 
character in the phosphorus-chalcogen bonds, unlike the situation observed in the T-
shaped R3PSeBr2 compounds, which feature single P–Se bonds. This phenomenon can be 
illustrated by a comparison of the P–Se bond lengths between (Me2N)3PSeBr2, where there 
is a P–Se single bond of 2.262(2) Å,141 (Me2N)3PSeI2 where the P–Se bonds range between 
2.185(7) and 2.175(8) Å),145 and (Me2N)3PSe, which has a P=Se double bond of 2.114(1) 
Å.149 These observations agree with spectroscopic data, viz. (i), a reduction in 1J(PSe) 
coupling constants in the 31P{1H} NMR spectra upon adduct formation, and (ii), a shift to 
lower frequencies of the (P–Se) band in the IR spectra. Addition of excess iodine to the 
R3PSeI2 systems results in the formation of either [R3PSeI]
+ or [R3PSe–I–SePR3]
+ cations 
linked by weak I–I interactions to polyiodide anions.150-152 
The only reported adducts of R3PE with interhalogens are the IBr and ICl adducts of Ph3PS, 
both of which display a CT spoke motif, as observed for the I2 analogues.
153 In both cases 
the interhalogen is bound by the heavier iodine atom. In contrast, the Ph3PS / I2 system is 
more complex, and despite the fact that the 1:1 Ph3PSI2 adduct was identified in solution, it 
was initially believed it could not be isolated in the solid-state due to the poor donating 
capability of Ph3PS.
136 The 2:3 adduct Ph3PSI–I–I2–I–ISPPh3 was instead isolated and 
crystallographically characterised.154 Later work by Kaur and Lobana showed that 
formation of the 1:1 adduct was solvent dependent, and could be synthesised in CH2Cl2, 
whilst the 2:3 adduct was favoured in CCl4.
155 The 1:1 adduct Ph3PSI2 was subsequently 
crystallographically characterised by Bricklebank and co-workers,146 and shown to adopt 
the same linear E–I–I motif as Ph3PSeI2. A 3:1 adduct has also been reported when excess 
iodine is added to the system, and consists of a 1:1 Ph3PSI2 adduct interacting with two 
further molecules of diiodine in a head-to-tail fashion.156 
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1.9 Group 16 
 
The Group 16 elements are also collectively known as chalcogens and have a ground state 
configuration of ns2np4 which means they are two electrons short of achieving noble gas 
configuration. The (+II) and (+IV) oxidation states are the most common oxidation states. 
With the exception of oxygen the group 16 elements are also commonly found in positive 
oxidation states up to +6. The stability of H2X compounds decreases going down the group, 
with H2Te considered endothermic. There is an increase in metallic character going down 
the group. For instance, oxygen and sulfur are non-metallic in their properties, selenium 
and tellurium are semiconductors and polonium has conductivity typical of metals. First 
ionization energies decreases going down the group as a result of increased shielding from 
the d10 and f14 inner shells. Some of the important physical properties of group 16 are also 
given in the table below. 
 
 
Electronic 
structure 
First 
Ionization 
energy 
(kJmol-1)1 
Melting 
Point (oC)2 
Electron-
egativity1 
Atomic 
Radius 
(Å)1 
Enthalpy of 
atomization 
ΔaH
0 
(298K kJ mol-1)3 
O [He]2s22p4 1314 - 3.5 1.10 279* 
S [Ne]3s22p4 999.6 119 2.5 1.7 277 
Se [Ar]3d10 4s24p4 941 221 2.4 1.84 227 
Te [Kr]4d10 5s25p4 869.3 450 2.1 2.07 197 
Po 
[Xe]4f145d106s2
6p4 
812.1 254 2.0 - ≈146 
* For oxygen, ΔaH
0 = ½ x dissociation energy of O2 
Table 1.5: Some general properties of group 16 elements 
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The chemistry of oxygen is considerably different from the rest of the group, being by far 
the most electronegative and has a valency of  two.1 All of the group 16 elements are able 
to form halides, with the oxidation states +2 and +4 being most common. The chemistry of 
polonium is not widely known owing to the intense α radiation which causes damage to 
solutions, solids and evolves a lot of heat. 
 
1.9.1 Selenium 
 
Discovered in 1887 by Jőns Jacob Berzelius selenium is named after the Greek word 
“Selene” meaning “moon”. Whilst there are several selenium ores, most of the selenium is 
produced as a by product of copper refining. It can also be extracted from the residing 
residue in sulfuric acid manufacturing, although this process is complex and depends on 
other compounds or elements present in this residue. 
Selenium is an important group 16 element residing between sulfur and tellurium with an 
electronic configuration of [Ar] 3d104s24p4. Selenium has empty 4d orbital’s which may be 
used for bonding, and may therefore form two covalent bonds, but also can form four or 
six covalent bonds. Selenium(IV) is the most common and stable oxidation state although 
compounds of selenium can attain oxidation states of +6, +2 and -2. Selenium has six stable 
isotopes with 80Se (49.6%) being the most abundant. 77Se has a nuclear spin I = ½ which is 
7.6% abundant, and has use in NMR experiments. 
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1.10 Chalcogen halides 
 
The structural chemistry and reactivity of chalcogen halides has been studied extensively 
by the main group chemists for the past two decades. The stereochemistry, and in certain 
cases the reactivity, is determined by the stereochemical activity of the inert electron pairs 
in the valence shell of the chalcogen. Figure 1.22 shows the three basic structural motifs 
adopted by chalcogen(IV) halides. In comparison with chalcogen(IV) halides the knowledge 
of structures, reactions and stabilities of the corresponding chalcogen(II) halides is much 
less developed. 
 
                    (TeF4)n                                       (TeCl4)4                               (TeI4)4 
Figure 1.22: Comparison of molecular structures of chalcogen (IV) halides in the solid state 
 
1.10.1 Selenium halides 
 
SeCl4 was prepared with two polymorphic modifications, a metastable β-form 
157, 158 and a 
thermodynamically stable α-form. β-SeCl4 contains tetrameric cubane-like Se4Cl16 
molecules with approximate Td symmetry. The structure of the α phase is cubic, it also 
contains the cubane like tetramers but on two different crystallographic sites with S4 and T 
symmetries. SeBr4 (like SeCl4) has a thermodynamically stable black α-form and a red β-
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form. Both forms of selenium tetrabromide contain cubane like tetrameric molecules of 
the Te4Cl16 type (fig 1.22). SeI4 has not yet been characterised. 
The chlorides, bromides and iodides of Se(II) and Te(II) as pure liquid or solids are scarce in 
literature. Instead they exist as dissociation products of chalcogen(IV) halides, in vapour 
phase of organic solvents and in systems such as selenium in aqueous HCl and HBr. Some 
of the common selenium halides studied are listed in the table (1.6) below; 
 
Compound Method of 
characterisation 
Reference Compound Method of 
characterisation 
Reference 
SeF4 ED 
159, 160 SeBr3+ XRD 
161 
SeF6 ED 
162 SeI3+ XRD 
163 
SeCl2 ED 
164 SeF5- XRD 
165 
ClSeSeCl XRD 166 SeF62- XRD 
167 
Se4Cl16 XRD 
157 SeCl42- XRD 
168 
SeBr2 ED 
164 SeCl5- XRD 
169 
BrSeSeBr XRD 166 SeCl62- XRD 
170 
Se4Br16 XRD 
171 Se2Cl62- XRD 
172 
SeI2 NMR 
173 SeBr42- XRD 
174 
ISeSeI NMR 173 SeBr62- XRD 
175 
SeF3
+ XRD 176 Se2Br62- XRD 
174 
SeCl3
+ XRD 177, 178 SeI62- IR/R 
179 
 
Table 1.6: Cationic, anionic and neutral selenium halides species  
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1.10.2 Tellurium halides 
 
TeF4, TeCl4, TeBr4 and TeI4 are all well studied and structurally characterised. TeBr4 is 
isostructural with TeCl4 (fig 1.22) with cubane like arrangement of molecules.
180, 181 There 
are five different polymorphs known for the structure of TeI4.
182, 183 Thermodynamic and 
equilibrium properties of chalcogen tetrahalides especially tellurium tetrahalides have 
been a subject of large number of investigations.184 
 
1.11 Organo selenium and tellurium halides, Se(II) and Te (II) types 
 
One of the most important category of organoselenium compounds are the compounds 
with the general formula RSeX (where R = alkyl, aryl; X = I, Br, Cl and F). The structural 
properties of these compounds depend on the identity of the R groups and the halogens 
used. Organoselenyl halides are generally highly reactive solids, with the chlorides and the 
bromides featuring prominently in the literature, whilst the fluorides and the iodides are 
less prominent.185 
Although PhSeCl, PhSeBr and PhSeI are commercially available, most of the organoselenyl 
halide compounds can be made by the direct halogenation of diorganodiselenides.186 
 
(RSe)2        +        X2                                      2 RSeX                                                                1.28 
 
Aromatic selenyl bromides and chlorides can also be prepared with the direct halogenation 
of the appropriate aromatic selenocyanates.187 
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ArSeCN      +         X2                                      ArSeX     +     XCN                                                     1.29 
 
Dialkyl and aryl selenides can also be reacted with halogenating agents to form the 
corresponding selenyl halides.188 
 
F3CSeCF3     +     Cl2                                       F3CSeCl     +     F3CSeCl3                                             1.30 
Organoselenium trihalides can also dissociate readily under low pressure and high 
temperature conditions to give the corresponding organoselenium halides. 
 
RSeX3                 RSeX  +  X2                                                                                                  1.31 
 
Compounds with the general formula RSeX (particularly phenylselenyl halides and 
pseudohalides), are versatile electrophilic reagents in a variety of organic 
transformations.189, 190 
 
1.11.1 RSeF 
 
Of the RSeF type complexes only PhSeF and CF3SeF are known, made only in situ, for 
selenofluorination of unsaturated compounds.191 Isolation of PhSeF has not yet been 
reported, although it has been detected by low temperature 19F and 77Se{1H} NMR 
spectroscopy.192 
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1.11.2 RSeCl and RSeBr 
 
The compounds of the type RSeBr and RSeCl, especially where R = phenyl, are excellent 
reagents for the selenation of aldehydes and ketones.193-195 These compounds can then be 
treated with hydrogen peroxide to convert them into the corresponding α,β-unsaturated 
aldehydes or ketones, equation 1.34. 
 
O O O
PhSeCl H2O2
Se Ph
                   1.3 
 
Although compounds of this type are used in a range of organic transformations little is 
known about the structure of these species. It was commonly believed that these RSeX 
compounds were simple monomeric structures in the solid state. The solid state structures 
of PhSeCl and PhSeBr were reported by Godfrey and coworkers.131, 196 The structures of 
PhSeCl and PhSeBr were similar and are best described as loosely held tetrameric “square” 
structures, as shown in figure 1.23 i and ii. 
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                              (i)                                                                                                         (ii) 
Figure 1.23: ORTEP representations of the molecular structures of  
i. Ph4Se4Br4 (taken from ref. 131) 
ii. Ph4Se4Cl4  (taken from ref. 196) 
 
The square in these Ph4Se4X4 compounds is formed by four PhSeX units held together by 
weak Se-Se bonds. All of the Se-X bonds lie in the plane of the square, whilst two phenyl 
groups are located above and two below the plane. The selenium atoms are thus in a 
pseudo-trigonal bipyramidal “see-saw” geometry. 
 
1.11.3 RSeI 
 
duMont and coworkers197, 198  have shown that when organic diselenides containing bulky 
alkyl or aryl groups react with diiodine the selenium-selenium bond is broken to produce 
iodoselenides, for example, bis(2,4,6-tri-tert-butylphenyl) diselane reacts with diiodine to 
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produce 2,4,6-tri-tert-butylphenyl(iodo)selenide.197 This is the first reported example of an 
RSeI compound containing a covalent Se-I bond, d(Se-I) 2.529Å. The bulky substituents on 
the benzene ring create a high barrier to rotation around the Se-Se bond. This weakened 
bond is then broken on the introduction of diiodine to produce the iodoselane. 
In mixtures of organic diselenides with iodine, the charge transfer like Se→I coordination is 
competing with Se-Se bond cleavage. Du Mont and coworkers199 have prepared a dimeric 
centrosymmetric charge transfer adduct of (Ph2Se2I2). Selenium atoms in this compound 
act as both donors [d(Se-I) = 2.992Å] and acceptors [d(Se-I) = 3.588Å] towards iodine as 
shown in figure 1.24. In the crystal, the squares of (Ph2Se2I2)2 are connected by I···I contacts 
of 4.127Å. This complex has also been prepared in situ by Toshimitsu and coworkers,200 
who used it in phenylseleno-carbocyclization reactions. 
 
Figure 1.24: Molecular structure of (Ph2Se2I2)2 
 
The reaction of more bulky (2,4,6-(i-Pr)3C6H2)2Se2 diselenide with diiodine leads to a 
different crystalline compound containing two equivalents of diselenide starting material 
and one equivalent of iodine.201 The compound can be regarded as an “inclusion 
compound” of 0.5 equivalent of iodine with the diselenide. The Se-I bond length in this 
compound is 3.483 Å, whilst the Se-Se bond length of 2.353 Å in this compound is only 
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slightly longer than that of the non-coordinated diselenide (2.339Å). In the solid state 
structure of 2,3,5,6-Me4C6HSeI the molecule packs in a way that zig zag chains ···Se-I···Se-
I··· (angular I···Se-I, approximately linear Se···I-Se) are formed.197    
     
1.11.4 RSeX (where X = pseudohalide) 
 
The solid state structure of PhSeCN was also described by Godfrey and coworkers,196 this 
was the first ever solid state studies on a compound with the general formula PhSeX 
(where X = pseudohalogen). Again, PhSeCN is a commercially available reagent which has 
found use in many organic reactions. The structure of PhSeCN is essentially monomeric 
with two molecules in the unit cell linked loosely by Se···N contacts as shown in figure 1.25. 
 
Figure 1.25: ORTEP representation of the molecular structure of PhSeCN (taken from ref. 196) 
 
1.11.5 RTeX 
 
These are relatively unstable compounds which are easily hydrolysed upon exposure to air. 
Although these compounds are known in literature,202-205 the structural data is somewhat 
scarce. In the structure of Ph4Te4I4, four individual PhTeI units are linked into a tetramer via 
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weak Te-Te bonds (3.125(1) Å).129 The stereochemically active lone pair on the tellurium 
atom gives rise to a pseudo-trigonal bipyramidal (see-saw) arrangement of atoms and lone 
pairs at tellurium (fig. 1.26). 
 
 
Figure 1.26: ORTEP representation of the molecular structure of Ph4Te4I4 (taken from ref. 129) 
 
1.12 Te(IV) and Se(IV) organohalides 
 
Complexes of this type are quite common in the literature and often show halogen 
bridging and/or inter/intra molecular bonding in the solid state. This secondary bonding is 
more common in tellurium compounds and can be related to the level of stability in a 
complex. 
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1.12.1 R2SeX2 
 
The structures of several diarylselenium dihalide molecules and their tellurium analogues 
have been published by McCullough and co-workers.206-208 These studies have provided 
some of the first evidence for stereochemical influence of the non bonded pairs of 
electrons of selenium and tellurium. These compounds have been assigned a pseudo 
trigonal bipyramidal geometry (see-saw) around the selenium centre, with the halogen 
atoms lying in the axial positions. The lone pair of electrons and the organic groups lie in 
the equatorial plane, this is as expected according to VSEPR theory. The compounds 
described in these studies along with the Se-X bond lengths are shown in table 1.7.   
 
Compound Se-X (Å) References 
SeBr2(C6H5)2 2.52(1) 
206 
SeCl2(C6H5)2 2.30(5) 
207 
SeCl2(p-tolyl)2 2.38(2) 
208 
SeBr2(p-tolyl)2 2.55(2) 
208 
 
Table 1.7: Selenium-halogen bond lengths in dialkyl/aryl selenium dihalides of “see-saw” 
geometry 
 
By contrast R2SeI2 compounds do not adopt a see-saw structure. Instead Me2SeI2 adopts a 
three coordinate CT ‘spoke’ structure,209 with an almost linear Se-I-I (174.30(9)°) 
arrangement. There have been other examples of both the cyclic and non-cyclic R2SeI2 type 
spoke structure published by Kuhn and McCullough.210, 211 R2SeBr2 compounds can exhibit 
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both the charge transfer ‘spoke’ structure and the ‘seesaw’ geometry depending on the 
nature of the R groups attached to the selenium atom. Nakanishi and co-workers212 have 
postulated that strong electron withdrawing groups in the 3 or 4 position in the phenyl ring 
would result in a R2SeBr2 CT ‘spoke’ compound. This is due to the decreased electron 
density around the selenium centre resulting in its inability to cleave the Br-Br bond. The 
structure of dimethyl selenium dibromide prepared by Godfrey and co-workers208 in 1997 
adopts a seesaw geometry rather than a CT ‘spoke’ arrangement. All the R2SeCl2 complexes 
published so far exhibit seesaw geometries.207, 213, 214    
 
1.12.2 RSeX3 
 
One of the most common methods for the synthesis of organoselenium trihalides is the 
treatment of diselenides with halogenating agents in exces (equation 1.33).215  
 
RSe
2
3Cl2 2RSeCl3+
                                    1.33 
 
These compounds are generally moisture sensitive and there is always an equilibrium 
between the monohalide and the trihalides (equation 1.34). 
 
+RSeX X2RSeX3                                                                  1.34 
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Since the first accidental discovery of ethyl selenium tribromide in 1926,216 a large number 
of organoselenium trichlorides and bromides have been prepared but with limited 
structural data. Trifluoromethylselenium trichloride,217 benzene-1,2-bis(selenium 
trichloride)218 and 4-N,N’-Bis (trimethylsilyl)-amino-3,5-diisopropyl phenylselenium 
trichlride219 each reveal a dimeric structure in the solid state. 
The crystal structure of PhSeCl3 described by Godfrey and co-workers,
220 exhibits a 
polymeric chain structure, whereby individual PhSeCl2 units are linked by two bridging 
chlorine atoms. The geometry at the selenium atom is square pyramidal with the phenyl 
group occupying the axial position. The structure of PhSeBr3 (also described in the same 
study),220 reveals a distorted a distorted square pyramidal geometry at the selenium atom. 
The polymeric structure of PhSeBr3 is not isostructural with PhSeCl3 or the analogous 
PhTeBr3.
221 There are two short Se-Br bonds [Se(1)-Br(1): 2.3538(14), Se(1)-Br(2): 
2.3590(13)Å] and two long Se···Br contacts [Se(1)...Br(4): 3.0976(13), Se(1)-Br(4’): 
3.0891(13)Å]. The bromine atoms at the short Se-Br bond are not terminal but instead they 
participate in a polymeric network of bromine atoms (fig. 1.27). The structure of PhSeBr3 
displays a unique compromise of structural type (molecular, ionic, CT) commonly observed 
for organoselenium halogen species. 
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Figure 1.27: ORTEP representation of packing in the molecular structure of PhSeBr3 (taken from 
ref. 220) 
 
1.12.3 R2TeX2 
 
R2TeX2 compounds exhibit different structural types in comparison with the selenium 
analogues, i.e. there is no evidence of CT ‘spoke’ structures in the tellurium analogues. The 
structure of Ph2TeI2 described by Alcock and Harrison
222 exhibits a seesaw geometry. The 
iodine atoms are in the axial positions with the two phenyl rings and the lone pairs 
occupying the equatorial positions. There are long range interactions between the phenyl 
and the iodine atoms liking the molecule into a three dimensional network. There have 
been more reports published describing the structures of R2TeX2 complexes
223, 224 where all 
the structures have adopted a molecular see-saw arrangements. 
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1.12.4 RTeX3 
 
The inter/intra molecular bonding motifs along with the nature of the organic substituents 
bound to the tellurium atom influences the geometry at tellurium and consequently 
defines the structural motifs adopted for a given compound. Knobler and McCullough 
described the crystal structure of 2-biphenyltellurium triiodide in 1977.225 The structure 
adopted is a pseudo trigonal bipyramidal arrangement of atoms and lone pairs around the 
tellurium atom, i.e. seesaw geometry. 2-biphenyltellurium tribromide226 and 8-ethoxy-4-
cyclooctenyltellurium trichloride227 also have the same seesaw geometry. The crystal 
structure of PhTeI3 described by Alcock and Harrison in 1984
222 is dimeric with either cis or 
trans phenyl groups named the α and β form respectively. They are both discrete dimers 
with the tellurium atom exhibiting a square pyramidal geometry. 
 
1.12.5 R3SeX 
 
Trimethyl selenium iodide was described by Hope228 to be primarily ionic in the solid state, 
with a pyramidal Se(CH3)3
+ cation. The long Se···I contact of 3.776(2) Å led Hope to suggest 
the product was a weak charge transfer complex. A similar ionic nature for 
triphenylselenium chloride has also been suggested on the basis of the selenium-chlorine 
separations in the solid state.229 
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2.1 Introduction 
 
Molecules of the general formula R3PX2 have been known for many years, and are formed 
when a tertiary phosphine (R3P) is combined with a stoichiometric ratio of the desired 
halogen. These compounds exhibit surprisingly diverse solid state structures, which fall 
into three main types 
a) Covalent five-coordinate trigonal bipyramidal species 
b) Ionic halo-phosphonium salts 
c) Charge-transfer (CT) “spoke” adducts, R3P-X-X, which feature a linear P-X-X angle, 
this linear arrangement is consistent with a CT interaction between the HOMO 
orbital of the donor phosphorus atom and the  σ* LUMO orbital of the X2 acceptor 
The structure favoured by a particular adduct is dependent upon the nature of the 
halogen, the nature of the R groups attached to the phosphorus atom and to a lesser 
extent the solvent of preparation and/or recrystallisation.230 The trigonal bipyramidal 
structure is favoured with highly electron withdrawing groups, thus all known R3PF2 
compounds are trigonal bipyramidal in both the solid state and in solution.90-92, 231 In 
contrast, R3PCl2 compounds lie on the covalent/ionic borderline,
86, 93, 95-101, 103-105, 232, 233  
Trigonal bipyramidal structures have been established for compounds with some aryl 
phosphines, such as (C6F5)Ph2PCl2
103 and (C6F5)3PCl2.
103, 104 Ph3PCl2
100, 101 is particularly 
interesting as both the ionic and the covalent forms have been isolated and structurally 
characterised. In contrast, ionic salts are observed for alkyl phosphine chlorides, such as 
[iPr3PCl][Cl].
105 The typical P-Cl bond lengths for these compounds vary considerably 
depending upon the ionic or covalent nature of the adduct but generally lie in the region of 
1.980(3)-2.280(3) Å.100, 101, 103-105 
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The solid state structures of R3PBr2 and R3PI2 are almost always ionic or charge-transfer 
(CT) in nature, the sole exception being the trigonal bipyramidal species (C6F5)3PBr2.
111 
These compounds may be considered as CT adducts with R3P as the donor and X2 as the 
acceptor, (10-I-2) CT systems, featuring short P-X and long X-X bond lengths. Alternatively, 
the ionic systems can be considered as featuring [R3PX]
+ as the acceptor and X- as the 
donor.113    
The structures of the four previously reported [R3PBr]Br adducts (R3 = 
iPr3,
105 Et3,
111 Ph3,
107 
and tBu2
iPr142) exhibit long Br···Br contacts varying between 3.12 and 3.42 Å in length. 
These contacts are considerably shorter than the sum of van der Waals radii for two 
bromine atoms (3.9 Å), but are longer than the Br-Br distance of 2.705(3) / 2.717(1) Å seen 
for the charge transfer complex of Me2SBr2.
234 The structures of the four [R3PBr]Br adducts 
show considerable cation-anion interactions, also featuring close to linear P-Br···Br angles, 
varying between 174.5° and 177.5°.105, 107, 111, 142 This suggests that these adducts may be 
regarded either as ionic, or as weak CT adducts of the [R3PBr]
+ (acceptor) / Br- (donor) type. 
The P-Br bond lengths for the previously described compounds lie in the region of 
2.173(3)-2.185(3) Å. 105, 107, 111 
The I-I distances in reported structures of R3PI2 adducts vary considerably, between 
3.021(1) Å for (Mecarb)iPr2PI2 [Mecarb = 1-(2-Me-1,2-C2B10H10)],
235 to 3.6389(14) Å for 
[(nPr2N)3PI]I.
132 The length of the I-I interaction in these systems is clearly highly sensitive to 
the R groups bound to the phosphorus atom. Adducts such as (Mecarb)iPr2PI2, (o–
CH3C6H4)3PI2, d(I-I): 3.0727(4) Å,
118 and Ph3PI2, d(I–I): 3.161(2) Å,
88 feature relatively short I-I 
interactions, and are intensely coloured yellow or orange materials. On the basis of these 
observations a (10–I–2) CT assignment is appropriate for these compounds. R3PI2 adducts 
of trialkyl or tris(alkylamino) substituted phosphines are usually pale yellow or cream 
solids, and often feature long I-I distances, i.e. [tBu3PI]I, d(I-I): 3.326(1) Å,
114 and [iPr3PI]I, 
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d(I–I): 3.383(1) / 3.372(1) Å.236 These I–I distances are still well within the sum of the van 
der Waals radii for two iodine atoms (3.96 Å),237 and these adducts can either be regarded 
as ionic (with significant soft–soft, cation–anion interactions), or as CT adducts of the 
[R3PI]
+ (acceptor) / I– (donor) type. The propensity for R3PI2 compounds to display soft–soft 
I···I contacts is illustrated by the fact that [N(CH2CH2N
iBu)3PI]I is the only structure of an 
R3PI2 adduct to feature no I···I contact below the sum of the van der Waals radii for two 
iodine atoms, the closest approach being 7.18 Å.238 
Whilst electronic factors are undoubtedly the major factor influencing the magnitude of E-
X and X-X bond lengths in CT R3PX2 adducts, other factors such as steric effects and crystal 
packing may also be significant. We recently reported the structure of (o-CH3C6H4)3PI2 
which displays a P-I bond of 2.5523(12) Å, and an I-I bond of 3.0727(4) Å.118 This compares 
with a P-I bond of 2.481(4) Å, and an I-I bond of 3.161(2) Å in Ph3PI2.
88 These observations 
are contrary to expectations based purely on a consideration of electronic effects, as the 
more basic (o-CH3C6H4)3P should result in a shortening of the P-I bond, and a lengthening of 
the I-I bond, relative to the Ph3P analogue. The contrary observation suggests that the 
steric bulk of (o-CH3C6H4)3P is probably responsible for a lengthening of the P-I bond and 
concomitant shortening of the I-I bond. (o-CH3C6H4)3P adopts a close to propeller 
orientation in (o-CH3C6H4)3PI2, resulting in a particularly large crystallographic cone angle of 
192 compared to 147.2° observed for Ph3PI2. 
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2.2 Synthesis      
 
A series of aromatic phosphine halogen adducts were synthesised via reactions of the 
appropriate phosphine with different halogens in the desired stoichiometric ratios, as 
shown in equation 2.1. Due to the moisture sensitive nature of the products the reactions 
were performed with anhydrous diethyl ether as the solvent using standard Schlenk 
techniques. The reactions were left stirring for approximately 48 hours before collecting 
the products. 
 
R3P + I2 R3PI2  
Where R = o-tolyl, m-tolyl, p-tolyl, o-anisyl, m-anisyl, p-anisyl, o-thioanisyl, p-                                           
thioanisyl and mesityl groups 
R3P + 2I2 [R3PI][I3]  
Where R = o-tolyl, m-tolyl, p-tolyl, o-anisyl, m-anisyl, p-anisyl, o-thioanisyl, p-                                           
thioanisyl, p-chlorophenyl, p-fluorophenyl and mesityl groups 
R3P + Br2 R3PBr2  
Where R = m-tolyl, p-tolyl, o-anisyl, m-anisyl, p-anisyl, o-thioanisyl and p-fluorophenyl 
groups 
R3P + SO2Cl2 R3PCl2 + SO2  
Where R = m-tolyl, p-tolyl, o-anisyl, p-anisyl, o-thioanisyl, p-chlorophenyl, and p-
fluorophenyl groups 
R3P + ICl R3PICl  
Where R = m-tolyl, p-tolyl, o-anisyl, p-anisyl, o-thioanisyl, p-chlorophenyl and p-
fluorophenyl groups 
 
Equation 2.1: Synthesis of tertiary phosphine halides 
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In each case the formation of the adduct is identifiable by a distinct colour change. All of 
the starting phosphines were white or light cream in diethyl ether solution, the formation 
of the I2 adducts leads to an instant yellow colour, with precipitation of a solid. The 
addition of an extra mole of diiodine leads to formation of a brown solid, and this is 
indicative of the formation of an R3PI4 adduct. Formation of di-bromide adducts show a 
colour change of cream to light yellow. Whilst the chloride adducts are mostly white, the 
formation of the products leads to the precipitation of the product from solution. The ICl 
adducts are also identifiable from their yellow / light brown colour. All of the products 
were sensitive to air/moisture but the chloride and the bromides were much more 
sensitive compared to the iodine analogues, and they rapidly decomposed to oils on 
exposure to air or moisture.  
Where possible all of the new compounds were characterised via elemental analysis, multi-
nuclear NMR (1H, 13C{1H}, and 31P{1H}), Raman spectroscopy and X-ray crystallography, see 
chapter 6 for full data. The microanalysis data of all the tertiary phosphine halide adducts 
synthesised is shown in table 2.1. 
 
Compound 
Microanalysis data; calculated (found) 
%C %H %P %X 
Iodine adducts 
(o-tolyl)3PI2 45.1 (44.2) 3.7 (3.5) 5.5 (5.5) x 
(m-tolyl)3PI2 45.1 (45.1) 3.7 (3.6) 5.5 (5.6) x 
(p-tolyl)3PI2 45.1 (44.6) 3.7 (3.2) 5.5 (5.6) 45.4 (44.1) 
(o-anisyl)3PI2 41.5 (42.0) 3.4 (3.4) 5.1 (5.1) 41.8 (40.7) 
(m-anisyl)3PI2 41.5 (41.4) 3.4 (3.4) x x 
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(p-anisyl)3PI2 41.5 (39.1) 3.4 (3.2) 5.1 (4.8) x 
(o-thioanisyl)3PI2 38.5 (37.1) 3.2 (2.9) 4.7 (4.6) 38.8 (41.6) 
(p-thioanisyl)3PI2 38.5 (36.9) 3.2 (2.9) x x 
(Mesityl)3PI2 50.4 (37.5) 5.1 (3.7) 4.8 (3.7) 39.5 (51.8) 
Excess Iodine adducts (R3P + 2I2) 
(m-tolyl)3PI4 31.0 (30.9) 2.6 (2.5) 3.8 (3.8) 62.5 (63.4) 
(p-tolyl)3PI4 31.0 (30.9) 2.6 (2.3) 3.8 (3.9) 62.5 (61.0) 
(o-anisyl)3PI4 29.3 (29.6) 2.4 (2.2) 3.6 (3.7) 59.0 (57.5) 
(m-anisyl)3PI4 29.3 (29.4) 2.4 (2.2) 3.6 (3.4) x 
(p-anisyl)3PI4 29.3 (28.8) 2.4 (2.1) 3.6 (3.6) 59.0 (57.0) 
(o-thioanisyl)3PI4 27.7 (27.2) 2.3 (2.1) 3.4 (3.5) 55.9 (55.7) 
(p-thioanisyl)3PI4 27.7 (28.9) 2.3 (2.1) 3.4 (3.7) 55.9 (51.0) 
(p-ClC6H4)3PI4 28.9 (25.3) 1.6 (1.2) 4.1 (3.7) 51.0 (~58) 
(p-FC6H4)3PI4 26.2 (26.4) 1.4 (1.2) 3.7 (3.8) 61.6 (61.5) 
(Mesityl)3PI4 36.1 (36.5) 3.7 (3.4) 3.4 (3.6) 56.6 (53.8) 
Bromine and Chlorine adducts 
(m-tolyl)3PBr2 54.3 (62.1) 4.5 (5.4) 6.6 (7.4) 34.4 (12.4) 
(p-tolyl)3PBr2 54.3 (50.9) 4.5 (4.5) 6.6 (6.5) x 
(p-tolyl)3PCl2 67.1 (66.9) 5.6 (6.0) 8.2 (8.2) x 
(o-anisyl)3PBr2 49.2 (44.9) 4.1 (3.9) 6.0 (5.7) 31.2 (31.3) 
(o-anisyl)3PCl2 59.5 (59.4) 5.0 (5.7) 7.3 (7.1) 16.7 (8.9) 
(m-anisyl)3PBr2 49.2 (54.6) 4.1 (4.7) 6.0 (6.8) 31.2 (17.8) 
(o-thioanisyl)3PBr2 45.0 (41.1) 3.7 (3.5) 5.5 (4.8) 28.5 (33.6) 
(o-thioanisyl)3PCl2 53.5 (56.9) 4.4 (4.8) 6.5 (6.6) 15.0 (6.1) 
(p-FC6H4)3PBr4 33.9 (37.0) 1.9 (1.7) 4.8 (5.1) 50.2 (36.7) 
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(p-FC6H4)3PCl2 55.8 (55.1) 3.1 (3.0) 8.0 (8.5) 18.3 (11.0) 
Iodinemonochloride adducts 
(p-tolyl)3PICl 54.0 (37.5) 4.5 (2.9) 6.6 (4.7) x 
(o-anisyl)3PICl 48.8 (47.4) 4.4 (4.2) 5.9 (5.5) x 
(p-anisyl)3PICl 48.9 (45.5) 4.1 (3.6) 6.0 (5.7) x 
(o-thioanisyl)3PICl 44.6 (43.5) 4.1 (3.5) 5.4 (5.5) x 
(p-FC6H4)3PICl 45.1 (40.1) 2.5 (1.8) x x 
 
Table 2.1: Microanalysis data for tertiary phosphine halide adducts 
 
From table 2.1 it can be seen that the microanalysis results observed for (Mesityl)3PI2 are 
similar to those seen for (Mesityl)3PI4. This same result was observed after repeating the 
reaction multiple times. Crystals were then grown for (Mesityl)3PI2 and the X-ray 
crystallography of these crystals confirmed that the product in each case was (Mesityl)3PI4 
(structure 13 in this chapter). A reaction between (Mesityl)3P and two moles of iodine 
yielded the iodine rich compound (Mesityl)3PI6-7 (structure 14). The reaction between R3P 
and iodine monchloride in a 1:1 molar ratio was performed the expectation of obtaining a 
product of stoichiometry R3PICl, but in each case the reaction resulted in ionic adducts 
[R3PCl][X3], (where X3 = ICl2 or I2Cl) being formed. This result is also reflected in the 
microanalysis adducts for these compounds. 
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2.3 Introduction to NMR spectroscopic data for tertiary phosphine halides 
 
Deplano and co-workers have previously investigated the 31P{1H} NMR spectrum of Ph3P.I2 
in dichloroethane solution.113 This study has shown that the peaks previously assigned to 
the ionised [Ph3PI][I] species at 44.8 or 49.7 ppm are most likely due to hydrolysed 
[Ph3POH]
+ or [Ph3POHOPPh3]
+ species. The peak for the 1:1 CT adduct of triphenyl 
phosphine and diiodine was shown to be present at -23.4 ppm, which is similar to the shift 
(-17.8 ppm) observed in the solid state 31P{1H} NMR spectrum of the product.102 At higher 
iodine concentrations this peak shifts increasingly to higher frequency upto +12.0 ppm 
when the iodine phosphine ratio reaches 10:1.   
Addition of water to Ph3P.I2 (equation 2.2) resulted in the observation of a range of peaks 
between 25-45 ppm in the 31P{1H} NMR spectrum, which are different to the expected 
peak of 25 ppm for the Ph3PO species. Instead, an average shift was seen corresponding to 
the protonated form which undergoes fast hydrogen exchange with the unprotonated 
ones in the 25-50 ppm range. 
 
Ph3P.I2 + H2O Ph3PO + 2HI                                           2.2 
  
Spectra of solutions containing Ph3PO, HI and I2 in the concentration ratios 1:1:0.05, 1:2:1 
and 1:2:4 showed resonances at 33.0, 46.0 and 48.6 ppm respectively. This is due to the 
formation of I-, [I3]
- and [I5]
- at higher concentrations of iodine which compete for the 
proton with Ph3PO, resulting in the resonances being shifted increasingly downfield. In 
light of these results the investigators suggested that the previous studies should be 
revised and more data is required to fully understand these systems. 
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Deplano and co-workers added increasing amount of I2 to Ph3P in DCE (dichloroethane) 
solution, this produced a continuous change in the 31P{1H} NMR shifts as shown in figure 
2.1. 
 
Figure 2.1: Plot of 31P{1H} NMR shifts versus varying concentration of I2:Ph3P in DCE solution 
113   
 
In this work the shift of PPh3 coordinating with I2 is shifted to lower frequencies, and the 
lowest chemical shift (δ -23.4) is reached when triphenylphosphine and iodine are present 
in a 1:1 ratio. This peak is assigned to the molecular charge transfer adduct Ph3PI2. In 
solutions where the iodine concentration is increasing, the chemical shift then moves to 
higher frequencies, upto a maximum value of +12 ppm where the triphenyl phosphine and 
iodine are in a 1:10 ratio. These shifts correspond to an equilibrium between the molecular 
spoke and the ionic product until the final value of +12 ppm is obtained, where a full 
degree of ionisation has been achieved, i.e. [Ph3PI][I]. The shift positions of the starting 
phosphines in relation with the ionic and the molecular species is shown more clearly in 
figure 2.2. 
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PR3
+ I2
I-I-PR3I-[IPR3]+
-
ppm ~(+12 to -9) ~(-1 to -32) ~(-2 to -30)  
Figure 2.2: 31P{1H} NMR shift positions for R3P, R3PI2 and [R3PI]
+[I3]
- (where R = aryl group) 
 
Dillon and co-workers have described the formation of Ph3PICl and Ph3PIBr with the help of 
solid state 31P{1H} NMR spectroscopy.115 A summary of the results obtained in this study, 
and in other studies on the solid state 31P{1H} NMR spectra of Ph3PXY and Ph3PX2 
compounds is shown in table 2.2. 
 
Compound δ 31P Reference 
Ph3PICl 40.5 ± 2 
115 
Ph3PIBr 41.7 ± 2 
115 
Ph3PCl2 62.0 ± 8 
98 
Ph3PBr2 48.6 ± 0.5 
106 
Ph3PI2 42.5 ± 1.0 
106 
 
Table 2.2:  Solid state 31P{1H} NMR data for R3PXYand R3PX2 described by Dillon and co-workers
115  
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In light of the results described in table 2.2, Dillon and co-workers concluded that the 
Ph3PIX compounds are ionic with a [Ph3PI]
+ cation and X- (where X = Br, Cl) anion. However, 
from the results described by Deplano and co-workers, and the study described in this 
report, it can be concluded that the 31P{1H} NMR shifts described by Dillon and co-workers 
for Ph3PICl, Ph3PIBr and Ph3PI2 correspond to that of the hydrolysed products, and their 
conclusion that [Ph3PI]
+ is formed is probably incorrect. 
 
2.4 NMR spectroscopic data for tertiary phosphine halide adducts 
 
All of the tertiary phosphine halide adducts synthesised were analysed via multinuclear 
(1H, 13C{1H} and 31P{1H}) NMR spectroscopic studies. The full data for these compounds can 
be seen in chapter 6 of this report but the 13C{1H} and 31P{1H} NMR shifts (ppm) are listed in 
table 2.4. The 1H NMR spectra in each case has shown the presence of the respective aryl 
group. In the 13C NMR spectra, a trend was observed whereby the 1J(PC) splitting in the 
doublet due to the ipso carbon of the aryl ring increased, as the nature of the molecule 
changed from being a charge transfer species to an ionic one. For example, the magnitude 
of the ipso 1J(PC) splitting for the molecular CT (o-tolyl)3PI2 is 52.8 Hz but this changes to 
67.3 Hz for the ionic [o-tolyl3P][I3]. This trend was described by Albright,
239 in which a direct 
relationship was observed between the magnitude of 1J(PC) and the percent s character in 
the hybrid orbital on the carbon comprising the P-C bond. Therefore an ionic [R3PI][I3] 
species has greater s-chracter in the P-C bond compared to a CT R3PI2 compound. All the 
1J(PC) splitting in Hertz are underlined in table 2.4.  
The 31P{1H} NMR spectroscopic data for the molecular R3PI2 and the ionic [R3PI]
+[I3]
- 
compounds along with the literature data for the starting phosphines is summarised in 
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table 2.3. The results generally follow the trend summarised in figure 2.2, whereby an 
downfield shift of the resonance compared to the starting phosphine is seen when the 
starting tertiary phosphine is reacted with the iodine in a 1:2 ratio, indicating the formation 
of the ionic [R3PI]
+[I3]
- species. The data for the compounds where the tertiary phosphines 
are reacted with iodine in 1:1 molar ratios to form the molecular deviates slightly from the 
trend described in figure 2.2. The shifts seen for these compounds are also broad 
indicating the following equilibria,  
 between the molecular species and the starting phosphines  
 between the molecular and the ionic species 
The anomalous positions of the R3PI2 shifts can be explained by a close examination of 
figure 2.1. It can be seen that there is a rapid change in the downfield shift between 1:1 
and 1:2, triphenyl phosphine : iodine concentrations. From this it should be concluded that 
the peaks listed below for the R3PI2 species may not correspond to the pure molecular CT 
species, but that of a species that lies between the molecular and the ionic types. 
 
Compound 
31P{1H} NMR /ppm 
Lit. values for starting 
phosphines 
31P{1H} NMR /ppm 
R3PI2 
31P{1H}NMR /ppm 
[R3PI]
+[I3]
- 
(o-tolyl)3P -30.0 -29.3 [s] -8.6 [s] 
(m-tolyl)3P -5.3 -13.1 [brs] 6.0 [s] 
(p-tolyl)3P -8.0 -6.7 [s] 5.3 [s] 
(o-anisyl)3P -38.5 -36.3 [brs], -19.2 [brs] -15.8 [s] 
(m-anisyl)3P -2.1 -18.5 [s] 5.5 [s] 
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(p-anisyl)3P -10.2 -11.7 [s] 5.7 [s] 
(o-thioanisyl)3P -30.6 -31.0 [brs] X 
(p-thioanisyl)3P -8.3 -12.6 [s], 0.3 [s] 5.9 [s] 
(Mesityl)3P X -23.7 [s], 27.0 [s] -22.6 [s], 27.0 [s] 
(p-ClC6H4)3P -8.5 N/A -5.1 [s] 
(p-FC6H4)3P -9.0 N/A -4.2 [s] 
 
Table 2.3: 31P{1H} NMR spectroscopic data for R3P, R3PI2 and [R3PI]
+[I3]
- 
 
In the 31P{1H} NMR spectrum of (p-thioanisyl)3PI4 a broad peak was observed at 48.9 ppm 
along with the peak at 5.9 ppm (starting phosphine). This peak was at a relatively low 
intensity compared with the peak at 5.9 ppm, but the intensity increased on addition of 
water. Eventually the peak at 5.9 ppm completely diminishes and is replaced by a single 
intense peak at 48.9 ppm, indicating that the hydrolysis product has formed. The shifts for 
the triarylphosphine chlorides and bromides lie in the range of 48-66 ppm and are 
consistent with the literature data described for compounds of these types.103, 111  
The 31P{1H} NMR spectroscopic data of the reactions of tertiary phosphines with ICl show  
the presence of multiple products in solution (table 2.4). The resonances between -3 to -
18, 46 to 65 and 40 to 41 ppm correspond to the P-I, P-Cl and the hydrolysed products 
respectively.  
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Compound 13C /ppm (nJ(PC) coupling / Hz) 31P{1H} NMR /ppm 
Iodine adducts 
(o-tolyl)3PI2 23.1 (5.8), 119.7 (52.8), 127.1 (11.6), 133.4 (10.9), 134.0 (2.9), 134.6 (9.4), 143.4 (9.4) -29.3 [s] 
(m-tolyl)3PI2 21.6, 122.2 (62.5), 129.4 (13.9), 130.6 (9.4), 132.6 (11.0), 135.3 (2.9),139.6 (13.0) -13.1 [brs] 
(p-tolyl)3PI2 21.9, 118.6 (71.2), 130.9 (13.8), 133.5 (10.8), 146.4 (3.6) -6.7 [s] 
(o-anisyl)3PI2 55.0, 108.8 (71.2), 112.5 (6.48), 121.3 (12.9), 134.9 (7.4), 136.2, 161.3 
-36.3 [brs], -19.2 [brs], -
15.8 [brs] 
(m-anisyl)3PI2 55.8, 118.9 (11.9), 119.7, 125.5 (9.9), 131.1 (13.7), 160.2 (13.8) -18.5 [s] 
(p-anisyl)3PI2 56.0, 113.1 (76.2), 115.7 (14.5), 135.4 (12.4), 164.5 (2.8) -11.7 [s] 
(o-thioanisyl)3PI2 17.8, 125.9, 128.1, 130.5, 133.6, 134.4, 144.2 (23.2) -31.0 [brs] 
(p-thioanisyl)3PI2 14.9, 126.0 (15.0), 133.1 (12.8) 
-12.6 [s], 0.3 [s], 49.0 
[brs] 
(Mesityl)3PI2 21.2 -23.7 [s], 27.0 [s] 
Excess Iodine adducts (R3P + 2I2) 
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(o-tolyl)3PI4 23.5 (5.5), 117.1 (67.3), 128.0 (13.9), 134.5 (11.7), 135.2 (12.6), 136.0 (3.6),143.7 (10.1) -8.6 [brs] 
(m-tolyl)3PI4 21.8, 120.7 (73.1), 130.3 (14.4), 131.0 (10.9), 133.1 (10.9), 136.8 (2.9), 141.1 (13.8) 6.0 [s] 
(p-tolyl)3PI4 22.1, 117.6 (78.7), 131.3 (14.8), 133.7 (12.1), 147.5 (3.6) 5.3 [s] 
(o-anisyl)3PI4 56.5, 113.1 (7.26), 121.8 (13.8), 134.9 (8.0), 137.7 (2.7), 161.5 (2.8) x 
(m-anisyl)3PI4 56.3, 119.0 (13.8), 121.4 (2.7), 121.6 (73.9), 125.8 (11.0), 131.9 (16.6), 160.5 (17.6) 5.52 [s] 
(p-anisyl)3PI4 56.4, 111.3 (87.0), 116.4 (15.6), 135.9 (13.9), 165.4 (2.6) 5.7 [s] 
(p-thioanisyl)3PI4 14.8, 125.9 (14.1), 132.7 (12.9) 5.9 [s], 48.9 [brs] 
(p-ClC6H4)3PI4 130.7 (13.0), 134.1 (12.5) -5.1 [s], 46.0 [brs] 
(p-FC6H4)3PI4 118.0 (14.8, 22.1), 126.3 (75.8), 135.8 (10.1, 12.9), 136.7 (12.9, 23.1) 
-4.2 [s], 47.8 [brs], 65.2 
[s] 
(Mesityl)3PI4 21.2, 31.0, 120.1 (60.8), 125.8, 132.6, 145.6 (3.7) -22.6 [s], 27.0 [s] 
Bromine and Chlorine adducts 
(m-tolyl)3PBr2 21.5, 123.9 (108.1), 129.2 (14.3), 130.2 (11.9), 133.2 (11.0), 135.5 (2.7), 139.6 (13.8) 50.6 [s] 
(m-tolyl)3PCl2 21.4, 128.6 (12.9), 129.4 (11.0), 129.5 (105.4), 132.6 (10.1), 133.6 (2.8), 138.8 (12.9) 36.7 [brs], 65.8 [s] 
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(p-tolyl)3PBr2 22.0, 115.9 (90.2), 130.3 (13.8), 133.0 (12.1), 146.1 (2.8) 52.6 [s] 
(p-tolyl)3PCl2 22.1, 115.5 (97.5), 129.5 (13.1), 132.3 (11.0), 143.5 (2.8) 37.4 [brs], 65.5 [s] 
(o-anisyl)3PBr2 56.2, 111.6 (116.9), 113.7 (7.3), 122.4 (15.3), 134.8 (10.2), 139.1 (2.7), 161.9 (2.7) 37.6 [brs], 48.6 [s] 
(o-anisyl)3PCl2 56.7, 113.1 (117.0), 113.4 (7.4), 120.9 (14.3), 134.7 (9.8), 139.1, 161.8 57.4 [s] 
(m-anisyl)3PBr2 55.9, 117.6 (12.0), 121.2 (2.7), 124.7 (108.1), 125.0 (12.0), 130.6 (16.7), 160.1 (16.5) 43.6 [s], 51.7 [s] 
(p-anisyl)3PBr2 57.7, 109.9 (98.2), 117.2 (16.6), 136.7 (15.0), 166.1 (2.7) 50.0 [s], 52.7 [s] 
(p-anisyl)3PCl2 56.4, 109.2 (105.1), 116.6 (16.1), 135.8 (14.8), 166.3 (3.1) 47.2 [s], 63.8 [s] 
(o-thioanisyl)3PBr2 19.0, 126.2 (13.8), 127.4 (14.1), 130.8, 132.2 (10.1), 134.5, 137.1 (14.6) 38.9 [s] (oxidised) 
(o-thioanisyl)3PCl2 17.5, 125.4, 126.8 (4.4), 129.5, 133.5, 135.3 (11.6), 144.1 (28.6) -31.4 [s], 56.9 [s] 
(p-ClC6H4)3PCl2 121.3 (109.3), 130.8 (16.6), 134.4 (15.5), 143.2 (3.6) 26.8 [s], 56.5 [s] 
(p-FC6H4)3PBr4 117.6 (14.8, 22.1), 119.1 (16.6, 22.1), 136.0 (9.3, 13.8), 137.2 (10.1, 15.6) 48.4 [s], 49.6 [s] 
(p-FC6H4)3PCl2 116.2 (13.9, 21.1), 127.5 (3.0, 108.6), 134.5 (9.3, 12.0), 165.5 (3.8, 254.5) 28.0 [s], 55.1 [s] 
Iodine monochloride adducts 
(m-tolyl)3PICl 21.5, 129.4 (13.8), 129.8 (11.3), 134.3 (11.2), 136.0 (3.3), 139.6 (12.7) -10.2 [brs], 47.0 [s] 
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(p-tolyl)3PICl 22.1, 130.3 (13.3), 132.5 (11.3) x 
(o-anisyl)3PICl 56.1, 106.7 (103.9), 113.8 (7.3), 122.6 (15.6), 134.8 (6.4) Hz], 139.5, 162.1 x 
(p-anisyl)3PICl 56.1, 115.3 (14.1), 134.7 (12.6), 164.5 41.8 [brs] 
(o-thioanisyl)3PICl 17.9, 125.4 (13.1), 127.7 (7.2), 129.3, 133.7, 135.8 (12.9), 144.4 (29.1) -18.0 [brs], 40.7 [brs] 
(p-ClC6H4)3PICl 132.2 (15.7), 135.7 (14.7), 145.7 (3.7) 
-8.2 [s], 41.9 [brs], 65.2 
[s] 
(p-FC6H4)3PICl 118.0 (15.0, 21.3), 136.2 (10.3, 12.9) -3.9 [brs], 46.2 [brs] 
 
Table 2.4: NMR data for tertiary phosphine halide adducts 
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2.5 Raman spectroscopic data for tertiary phosphine halides 
 
The tertiary phosphine halides were characterised via Raman spectroscopy to understand 
their behaviour in the solid state. In some cases especially for the bromides, chlorides and 
the iodine monochlorides, due to their very rapid hydrolysation and fast decomposition 
when exposed to the laser beam, no data could be obtained for these compounds. The 
main peaks obtained from the Raman spectra along with their assignment are shown in 
table 2.5. The peaks are colour coded and the key describing each colour is at the bottom 
of table 2.5. Tertiary phosphine halides, especially the iodine derivatives (P-I stretching), 
have been subjected to many Raman studies in the literature.102, 117 In all of these studies 
the P-I stretch lies in the region of 140-180 cm-1 depending on the nature of the R group 
attached to the phosphorus atom.102, 116, 117 The P-I stretches in table 2.5 are labelled with a 
green key and they lie within a region of 136 cm-1 for (o-tolyl)3PI2 to 160 cm
-1 for (o-
thioanisyl)3PI2. For the ionic [R3PI][I3] compounds in table 2.5 the P-I strechings lie in the 
region of 131-190 cm-1 region. The [I3]
- anion can be symmetric or asymmetric. For 
symmetric stretchings the Raman spectra display one sharp peak (σg) c.a. 110 cm
-1. 
Whereas when asymmetric [I3]
- anions are present all three modes (σg, σa and πa) become 
Raman active, with the σa and πa modes becoming more intense as the asymmetry 
increases.                                                  
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Compound Raman / cm-1 
Iodine adducts 
(o-tolyl)3PI2 3054, 1587, 1564, 1280, 1203, 1130, 1046, 799, 759, 660, 599, 516, 463, 434, 400, 176, 136 
(m-tolyl)3PI2 3051, 2914, 1590, 1572, 1220, 1173, 1096, 944, 852, 779, 674, 574, 454, 411, 357, 189, 150 
(p-tolyl)3PI2 
3049, 2914, 1593, 1493, 1375, 1311, 1213, 1191, 1093, 1017, 807, 701, 650, 632, 611, 514, 455, 428, 356, 294, 191, 160, 
113 
(o-anisyl)3PI2 
3068, 3012, 2940, 2839, 1586, 1474, 1295, 1252, 1162, 1139, 1076, 1043, 1013, 795, 698, 669, 571, 547, 513, 450, 403, 
273, 213, 155, 125 
(p-anisyl)3PI2 3062, 2834, 1589, 1497, 1309, 1265, 1180, 1103, 796, 662, 635, 614, 533, 503, 489, 462, 271, 206, 158, 120 
(o-thioanisyl)3PI2 3050, 2987, 2915, 1569, 1411, 1268, 1164, 1101, 1035, 703, 366, 160 
Excess Iodine adducts (R3P + 2I2) 
(m-tolyl)3PI4 3049, 2914, 1592, 1569, 1377, 1219, 1168, 955, 845, 542, 518, 480, 418, 370, 196, 168, 131 
(p-tolyl)3PI4 3048, 2912, 1593, 1372, 1309, 1212, 1190, 1092, 807, 700, 661, 629, 610, 515, 453, 356, 293, 190, 113 
(o-anisyl)3PI4 3073, 2930, 2833, 1585, 1472, 1248, 1163, 1137, 1041, 850, 792, 753, 666, 547, 508, 467, 405, 202, 161 
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(p-anisyl)3PI4 3056, 2941, 2837, 1588, 1496, 1408, 1311, 1263, 1180, 1097, 1002, 831, 798, 663, 628, 530, 494, 462, 299, 169, 105 
(o-thioanisyl)3PI4 3049, 2986, 2915, 1571, 1547, 1416, 1268, 1166, 1095, 1042, 1035, 955, 748, 707, 527, 411, 367, 163 
(p-ClC6H4)3PI4 3054, 1576, 1185, 1088, 824, 739, 624, 542, 447, 387, 387, 218, 172, 148, 109 
(p-FC6H4)3PI4 3060, 1588, 1491, 1391, 1302, 1234, 1168, 1091, 826, 661, 634, 612, 524, 435, 408, 311, 255, 185, 175, 162, 142, 120 
Bromine and Chlorine adducts 
(m-tolyl)3PBr2 3054, 2918, 1594, 1577, 1380, 1274, 1224, 1174, 1111, 1085, 997, 853, 705, 676, 525, 254, 217 
(p-tolyl)3PBr2 3054, 2919, 1598, 1560, 1376, 1313, 1214, 1111, 806, 665, 633, 463, 331, 251, 228, 161 
(o-anisyl)3PBr2 3069, 3011, 2975, 2941, 2839, 1587, 1477, 1451, 1283, 1253, 1172, 1139, 1041, 794, 669, 549, 499, 429, 237, 203, 164 
(o-anisyl)3PCl2 
3071, 3013, 2944, 2841, 1589, 1574, 1455, 1399, 1286, 1255, 1171, 1145, 1042, 1017, 796, 669, 600, 579, 482, 352, 301, 
201, 148 
(o-thioanisyl)3PBr2 3057, 2993, 2919, 1574, 1432, 1257, 1173, 1110, 1045, 706, 645, 421, 236, 156 
(p-FC6H4)3PBr4 3059, 1586, 1493, 1304, 1241, 1168, 1094, 1010, 828, 629, 501, 326, 246, 229, 162 
Iodine monochloride adducts 
(o-anisyl)3PICl 3067, 3014, 2944, 2837, 1589, 1479, 1455, 1281, 1255, 1167, 1138, 1041, 1017, 795, 668, 591, 583, 473, 404, 148 
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(o-thioanisyl)3PICl 3056, 2988, 2914, 1569, 1555, 1420, 1168, 1103, 1035, 707, 662, 651, 567, 115 
 
Table 2.5: Raman data for tertiary phosphine halides 
Keys Colour coded: 
Ring C-H stretches 
Aromatic C=C stretches 
P-C asymmetric stretches 
P-C symmetric stretches 
P-X stretches 
[X3]
- stretches 
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2.6 X-ray crystallographic studies of R3PI2 adducts 
2.6.1 X-ray crystallographic structure of (m-tolyl)3PI2, 1 
Crystals of (m-tolyl)3PI2, 1 (orthorhombic, P212121) were obtained by layering a dichloro 
methane solution of the compound with diethylether. The ORTEP representation of the 
molecular structure is shown in figure 2.3 whilst selected bond lengths and angles are 
shown in table 2.6.  
 
Figure 2.3: ORTEP representation of the molecular structure of (m-tolyl)3PI2 
Bond Length (Å) Angle Angle (˚) 
C1-P1 1.786(16) P1-I2-I1 173.83(10) 
C8-P1 1.772(14) C1-P1-I2 110.4(6) 
C15-P1 1.777(18) C8-P1-I2 108.7(5) 
I1-I2 3.1808(16) C15-P1-I2 106.9(6) 
I2-P1 2.477(4)   
 
Table 2.6: Selected bond lengths and angles for (m-tolyl)3PI2 
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2.6.2 X-ray crystallographic structure of (p-tolyl)3PI2, 2 
Crystals of (p-tolyl)3PI2, 2 (monoclinic, P21/n) were obtained by layering diethyl ether over 
the solution of the product in dichloromethane. The ORTEP representation of the 
molecular structure of 2 (figure 2.4) along with selected bond lengths and angles (table 
2.7) are shown below.  
 
Figure 2.4: ORTEP representation of the molecular structure of (p-tolyl)3PI2 
 
Bond Length (Å) Angle Angle (˚) 
C1-P1 1.796(15) P1-I2-I1 178.74(9) 
C8-P1 1.791(14) C1-P1-I2 111.5(5) 
C15-P1 1.830(15) C8-P1-I2 109.9(4) 
I1-I2 3.1807(12) C15-P1-I2 111.1(5) 
I2-P1 2.472(4)   
 
Table 2.7: Selected bond lengths and angles for (p-tolyl)3PI2 
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The structures of compounds 1 and 2 display the expected CT “spoke” structure with a 
close to linear P-I-I motif. The P-I-I angle is 173.83° in 1 and 178.74° in 2. The P-I and I-I 
bonds in compounds of the type R3PI2 are generally sensitive to the electronic nature of 
the R groups, with more donating R groups resulting in a shortening of the P-I bond and a 
lengthening of the I-I bond. The P-I bond lengths (2.477(4) Å for 1 and 2.472(4) Å for 2) and 
the I-I bonds (3.1808(16) Å for 1 and 3.1807(12) Å for 2) are very similar to those observed 
for Ph3PI2,
88 where the lengths of P-I and I-I are 2.481(4) Å and  3.161(2) Å respectively. This 
indicates that the change in the electronic properties when Ph3P is replaced with m-tolyl3P 
or p-tolyl3P has a negligible effect on the P-I and I-I bond lengths. However, the P-I bond 
lengths in compounds 1 and 2 are considerably shorter than that observed for o-tolyl3PI2
118 
whilst the I-I bond lengths are considerably longer. The long P-I (2.5523(12) Å) and short I-I 
(3.0727(4) Å) bonds in o-tolyl3PI2 appear to be a direct result of the steric bulk (against the 
expected electronic effects) of the ortho-tolyl group compared with the meta and para 
tolyl groups. This difference in the steric bulk can be confirmed by the comparison of the 
crystallographic cone angles in (o-tolyl)3PI2 (192.2°) with that of the (m-tolyl)3PI2 (154.5°) 
and (p-tolyl)3PI2 (145.0°). This clearly shows that the tolyl groups in (o-tolyl)3PI2 exert a 
much greater steric influence than in either 1 or 2. 
 
2.6.3 X-ray crystallographic structure of (m-anisyl)3PI2, 3 
Crystals of m-anisyl3PI2, 3 (monoclinic, P21/c) were obtained by layering diethyl ether over 
the solution of the product in dichloromethane. The ORTEP representation of the 
molecular structure is shown in figure 2.5, whilst selected bond lengths and angles are 
described in table 2.8. 
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Figure 2.5: ORTEP representation of the molecular structure of (m-anisyl)3PI2 
 
Bond Length (Å) Angle Angle (˚) 
C1-P1 1.790(7) P1-I1-I2 177.42(5) 
C8-P1 1.803(7) C1-P1-I1 111.2(2) 
C15-P1 1.793(7) C8-P1-I1 107.3(2) 
I1-I2 3.2123(6) C15-P1-I1 112.0(2) 
I1-P1 2.4539(19)   
 
Table 2.8: Selected bond lengths and angles for (m-anisyl)3PI2 
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2.6.4 X-ray crystallographic structure of (p-anisyl)3PI2, 4 
Crystals of (p-anisyl)3PI2, 4 (triclinic, P-1) were obtained by layering a dichloromethane 
solution of the adduct with diethylether. The ORTEP representation of the molecular 
structure is shown in figure 2.6 whilst the selected bond lengths and angles are shown in 
table 2.9.  
 
Figure 2.6: ORTEP representation of the molecular structure of (p-anisyl)3PI2 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 3.257(15) P1-I1-I2 170.76(12) 
P1-I1 2.449(4) C1-P1-I1 113.0(6) 
C1-P1 1.78(2) C8-P1-I1 106.7(5) 
C8-P1 1.803(15) C15-P1-I1 107.6(5) 
C15-P1 1.757(16)   
 
Table 2.9: Selected bond lengths and angles for (p-anisyl)3PI2 
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2.6.5 X-ray crystallographic structure of (p-thioanisyl)3PI2, 5 
Crystals of (p-thioanisyl)3PI2, 5 (triclinic, P-1) were obtained by layering diethyl ether over a 
solution of 5 in dichloromethane. The ORTEP representation of the molecular structure of 
5 is shown in figure 2.7 and the selected bond lengths and angles shown in table 2.10. 
 
Figure 2.7: ORTEP representation of the molecular structure of (p-thioanisyl)3PI2 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 3.193(8) P1-I1-I2 173.56(5) 
P1-I1 2.4673(19) C1-P1-I1 110.5(2) 
C1-P1 1.783(7) C8-P1-I1 107.5(2) 
C8-P1 1.795(6) C15-P1-I1 111.2(2) 
C15-P1 1.783(7)   
 
Table 2.10: Selected bond lengths and angles for (p-thioanisyl)3PI2 
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The structures of compounds 3, 4 and 5 show the expected CT molecular spoke motif with 
close to linear P-I-I angles of 177.42(5)°, 170.76(12)° and 173.56(5)° respectively. The P-I 
and I-I bond lengths in these compounds are very similar to those observed for compounds 
1 and 2, but the P-I bonds for compounds 3, 4 and 5 are slightly shorter than those in 
Ph3PI2
88 reflecting the better donating properties of these R groups. The P-I bond lengths 
are 2.4539(19) Å in 3, 2.449(4) Å in 4 and 2.4673(19) in 5. The I-I bond lengths in 
compounds 3, 4 and 5 are 3.2123(6), 3.257(15) and 3.193(8) Å respectively. A comparison 
of the cone angles of the phosphine fragments shows that there is little difference 
between them, with the cone angle calculated at 148.8° for 3, 152.5° for 4 and 147.0° for 5. 
It appears that sterics play a minor role when the ring substitution is in the meta- or para- 
positions, and the observed P-I and I-I differences in these compounds is probably due to 
the electronic effects of the different R groups on the phosphines. 
Between the three adducts, adduct 4 displays the shortest P-I bond and the longest I-I 
bond, this is consistent with the electronic argument, whereby a more electron donating R 
group results in a shortening of the P-I bond and a lengthening of the I-I bond. The bond 
length comparison of the three adducts shows that the electron donating ability of these 
phosphines towards iodine is (p-anisyl)3P > (m-anisyl)3P > (p-thioanisyl)3P, although there is 
little difference between the three. In comparison with the adducts of 3 and 4, the 
previously reported structure of {2,4,6-(MeO)3C6H2}3PI2,
240 has a long I-I bond length of 
3.3394(5) Å, this adduct also displays an unusually long P-I bond of 2.482(1) Å for such an 
electron rich phosphine. This long P-I bond in {2,4,6-(MeO)3C6H2}3PI2 is due to the 
increased steric bulk arising from the presence of the methoxy groups at both the ortho 
positions on each of the rings, as illustrated by the very large crystallographic cone angle of 
211.6° observed for this adduct.      
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2.7 X-ray crystallographic studies of R3PI4 adducts 
 
Structural reports121, 122, 125, 236 for compounds of the general formula [R3EX][X3] have shown 
that they exhibit structural isomerism (figure 2.11). Isomer A is a 1:1 [R3EX][X3] ion pair 
featuring a weak I...I interaction between the cation and the anion resulting in a highly 
asymmetric [X3]
- anion. Isomer B is a Y-shaped motif in which two {R3EX}
+ cations are 
interacting with one [X3]
- anion, however the overall charge for the molecule is balanced by 
a second non-interacting [X3]
- anion. Isomer C differs from isomer B only because the two 
{R3EX}
+ cations are linked at the opposite side of the [X3]
- anion resulting in an overall Z-
shape for this motif. 
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Figure 2.11: Different structural isomers observed for the R3EX4 (R = P, As; X = I, Br) compounds 
 
Cotton and Kibala have shown that Ph3PI4 can be crystallised as both the Isomer A and B 
types depending upon the choice of solvent used during the reaction.122 The 2:1 reaction of 
iodine and triphenylphosphine in toluene formed Isomer A whilst the same reaction in 
tetrachloroethane yielded Isomer B. The polarity of the solvent in this case has resulted in 
the charge separation and autoionization of the product. 
2(Ph3PI)I3 [(Ph3PI)2I3]+ + I3-                                                             2.3 
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Crystals of [(o-tolyl)3PI]
+[I3]
-, 6 (orthorhombic, P212121), [(m-tolyl)3PI]
+[I3]
-, 7 (monoclinic, 
P21/n), and [{(p-CH3C6H4)3PI}2I3][I3], 8 (monoclinic, P21/c) were obtained by layering diethyl 
ether over a solution of the respective compounds in dichloromethane. The ORTEP 
representations of the molecular structures of 6, 7 and 8 are shown in figures 2.8, 2.9 and 
2.10 respectively. The selected bond lengths and angles for these compounds are shown in 
tables 2.12, 2.13 and 2.14 respectively. This tolyl series exhibits structural isomerism, with 
the ortho- 6 and meta- 7 derivatives displaying the 1:1 Isomer A structure, whilst the para-
derivative 8 displays the 2:2 Isomer C structure.   
 
2.7.1 X-ray crystallographic structure of [(o-tolyl)3PI]+[I3]-, 6 
 
Figure 2.8: ORTEP representation of the molecular structure of [(o-tolyl)3PI]
+[I3]
- 
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Bond Length (Å) Angle Angle (˚) 
I1-I2 2.987(3) I3-I2-I1 178.04(11) 
P1-I4 2.425(10) C1-P1-I4 106.8(13) 
I2-I3 2.846(3) C8-P1-I4 107.1(11) 
I4-I1 3.404(3) C15-P1-I4 109.4(13) 
C1-P1 1.79(4) I4-I1-I2 77.75(11) 
C8-P1 1.81(3)   
C15-P1 1.82(4)   
 
Table 2.12: Selected bond lengths and angles for [(o-tolyl)3PI]
+[I3]
- 
 
2.7.2 X-ray crystallographic structure of [(m-tolyl)3PI]+[I3]-, 7 
 
Figure 2.9: ORTEP representation of the molecular structure of [(m-tolyl)3PI]
+[I3]
- 
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Bond Length (Å) Angle Angle (˚) 
I1-I2 3.0017(18) I3-I2-I1 178.18(6) 
P1-I4 2.390(5) C1-P1-I4 107.5(6) 
C1-P1 1.806(19) I4-I1-I2 77.19(6) 
I2-I3 2.8696(18) C8-P1-I4 110.9(6) 
I4-I1 3.459(18) C15-P1-I4 107.9(6) 
C8-P1 1.783(17)   
C15-P1 1.78(2)   
 
Table 2.13: Selected bond lengths and angles for [(m-tolyl)3PI]
+[I3]
- 
 
The structures of both compounds 6 and 7 consist of an [R3PI]
+ cation loosely linked by a 
weak I···I interaction to an asymmetric [I3]
- anion. The P-I bond in 6 is 2.425(10) Å, and in 7 
is 2.390(5) Å. These values are consistent with those observed for other R3PI4 
compounds.121, 122, 125, 236 The P-I bond in 6 is slightly longer than that observed for 7 and 
[Ph3PI][I3] 2.395(3) Å,
122 this reflects the bulky nature of the o-tolyl group. The I···I 
interactions in structures 6 and 7 are 3.404(3) Å and 3.459(18) Å respectively, these values 
are considerably shorter than those observed for previously described structures of Isomer 
A type, such as [Ph3PI][I3] where the I···I interaction is 3.551(1) Å.
122 The structures of 6 and 
7 both display a close to linear [I3]
- anion, with I-I-I angles of 178.04(11)° and 178.18(6)° 
respectively. The I3 anion in both compounds 6 and 7 is asymmetric with the I-I bond 
lengths of 2.987(3) and 2.846(3) Å  for 6 and 3.0017(18) and 2.8986(18) Å for 7. In each 
case the I-I bond is lengthened to the terminal iodine atom which is interacting with the 
[R3PI]
+ cation. 
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2.7.3 X-ray crystallographic structure of [{(p-tolyl)3PI}2I3][I3], 8 
 
Figure 2.10: ORTEP representation of the molecular structure of [{(p-tolyl)3PI}2I3][I3] 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 2.9066(8) I2-I1-I2i 180.0 
P1-I5 2.416(3) C1-P1-I5 106.3(4) 
C1-P1 1.773(11) I5-I2-I1 79.77(4) 
I3-I4 2.9295(12) C8-P1-I5 110.1(4) 
I5-I2 3.468(8) C15-P1-I5 107.5(4) 
C8-P1 1.767(11)   
C15-P1 1.788(10)   
 
Table 2.14: Selected bond lengths and angles for [{(p-tolyl)3PI}2I3][I3] 
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The structure of [{(p-CH3C6H4)3PI}2I3][I3] 8 is of the Isomer type C, whereby two cationic {(p-
CH3C6H4)3PI}
+ units are linked to the opposite ends of one symmetric [I3]
- anion, forming an 
overall Z shaped motif, the overall charge is then balanced by a second non interacting [I3]
- 
anion. The P-I bond length in compound 8 is 2.416(3) Å, which is longer than that observed 
for both [Ph3PI][I3] and compound 7, but shorter than that observed for compound 6. The 
I···I interaction in structure 8 is 3.468(8) Å, and although longer than those in structures 6 
and 7, is still shorter than any other previously described contacts of this type.121, 122, 125, 236 
In the previously described Y-shaped structure of [(PPh3I)2I3][I3] (Isomer B) the value of this 
I···I interaction is 3.506(2) Å.122 
The crystals of [(o-anisyl)3PI]
+[I3]
- 9 (triclinic, P-1), [(p-anisyl)3PI]
+[I3]
- 10 (monoclinic, P21/n) 
and [(p-thioanisyl)3PI]
+[I3]
-, 11 (orthorhombic, Pbca) were grown by layering dietylether 
over the solutions of the products in dichloromethane. The ORTEP representations of the 
molecular structures of 9, 10 and 11 are shown in figures 2.11, 2.12 and 2.13 respectively 
whilst the selected bond lengths and angles are shown in tables 2.15, 2.16 and 2.17.  
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2.7.4 X-ray crystallographic structure of [(o-anisyl)3PI]+[I3]-, 9 
 
Figure 2.11: ORTEP representation of the molecular structure of [(o-anisyl)3PI]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 3.468(6) I2-I3-I4 177.81(2) 
P1-I1 2.4209(18) C1-P1-I1 108.7(2) 
C1-P1 1.795(7) I1-I2-I3 78.03(2) 
I2-I3 2.9728(6) C8-P1-I1 106.0(2) 
I3-I4 2.8628(6) C15-P1-I1 110.1(2) 
C8-P1 1.787(7)   
C15-P1 1.789(7)   
 
Table 2.15: Selected bond lengths and angles for [(o-anisyl)3PI]
+[I3]
- 
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2.7.5 X-ray crystallographic structure of [(p-anisyl)3PI]+[I3]-, 10 
 
Figure 2.12: ORTEP representation of the molecular structure of [(p-anisyl)3PI]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 3.492(8) I2-I3-I4 175.01(3) 
P1-I1 2.409(2) C1-P1-I1 109.2(3) 
C1-P1 1.781(8) I1-I2-I3 113.27(3) 
I2-I3 2.9728(7) C8-P1-I1 110.1(3) 
I3-I4 2.8878(8) C15-P1-I1 109.1(3) 
C8-P1 1.786(8)   
C15-P1 1.786(8)   
 
Table 2.16: Selected bond lengths and angles for [(p-anisyl)3PI]
+[I3]
- 
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All three of these structures are of the Isomer A type whereby the [R3PI]
+ cations are linked 
via a weak I···I interaction to a highly asymmetric [I3]
- anion. The P-I bond lengths in 
structures 9 and 10 are 2.4209(18) Å and 2.409(2) Å, these bond lengths are slightly 
shorter than those observed for structures 6 [(o-tolyl)3PI]
+[I3]
- and 8 [{(p-tolyl)3PI}2I3][I3] 
described previously in this study. This is due to the increased basicity of the anisyl 
phosphines compared to the tolyl phosphines resulting in shorter P-I bonds for the anisyl 
series. The I···I contacts in structures 9 and 10 are 3.468(6) Å and 3.492(8) Å respectively 
and these values are slightly longer than those observed for structures 6 and 8, which are 
3.404(3) Å and 3.468(8) Å. The triiodide anion is asymmetric in both 9 and 10, whilst the I-I-
I angles are 177.81(2)° and 175.01(3)° showing the presence of a  fairly linear triiodide in 
both structures. 
 
2.7.6 X-ray crystallographic structure of [(p-thioanisyl)3PI]+[I3]-, 11 
 
Figure 2.13: ORTEP representation of the molecular structure of [(p-thioanisyl)3PI]
+[I3]
- 
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Bond Length (Å) Angle Angle (˚) 
I1-I2 3.510(13) I2-I3-I4 172.97(4) 
P1-I1 2.398(3) C1-P1-I1 113.7(4) 
C1-P1 1.781(12) I1-I2-I3 77.39(4) 
I2-I3 2.9936(13) C8-P1-I1 106.9(4) 
I3-I4 2.8796(13) C15-P1-I1 108.7(4) 
C8-P1 1.778(12)   
C15-P1 1.778(13)   
 
Table 2.17: Selected bond lengths and angles for [(p-thioanisyl)3PI]
+[I3]
- 
 
The structure of [(p-thioanisyl)3PI]
+[I3]
-, 11 is of the Isomer A type with a P-I bond length of 
2.398(3) Å. This P-I bond length is shorter than that observed for [(p-anisyl)3PI]
+[I3]
- 10 
(2.409(2) Å). This is a result of the increased basicity of the (p-thioanisyl)3P compared to (p-
anisyl)3P resulting in (p-thioanisyl)3P being a better donor towards iodine which leads to a 
shorter P-I bond. This shorter P-I bond in 11 has also resulted in a longer I···I contact of 
3.510(13) Å compared to 3.492(8) Å in 10. The triiodide is highly asymmetric in 11 with a 
difference of 0.114 Å between the two I-I bonds. This triiodide has an I-I-I angle of 
172.97(4)°. 
Crystals of [(p-FC6H4)3PI]
+[I3]
-, 12 (monoclinic, P21/c) and [(mesityl)3PI]
+[I3]
-, 13 (monoclinic, 
Pn) were grown by layering diethylether over the solutions of the products in 
dichloromethane. The ORTEP representations of the molecular structures of 12 and 13 are 
shown in figures 2.14 and 2.15 whilst the selected bond lengths and angles are described in 
tables 2.18 and 2.19 respectively. 
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2.7.7 X-ray crystallographic structure of [(p-FC6H4)3PI]+[I3]-, 12 
 
Figure 2.14: ORTEP representation of the molecular structure of [(p-FC6H4)3PI]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 4.060(2) I2-I3-I4 178.11(7) 
P1-I1 2.397(6) C1-P1-I1 109.5(8) 
C1-P1 1.82(2) I1-I2-I3 58.69(7) 
I2-I3 2.923(2) C7-P1-I1 108.6(7) 
I3-I4 2.918(2) C13-P1-I1 109.0(7) 
C7-P1 1.79(2)   
C13-P1 1.81(2)   
 
Table 2.18: Selected bond lengths and angles for [(p-FC6H4)3PI]
+[I3]
- 
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The P-I bond length in structure 12 is 2.397(6) Å, which is similar to that observed for [(p-
thioanisyl)3PI]
+[I3]
- 11 (2.398(3) Å). This structure is again of Isomer A type but whereas in 
all the other structures described in this study (and previous studies) there is an I···I 
interaction between the [R3PI]
+ and the terminal iodine of the [I3]
-, this structure has an I···I 
contact of 3.563 Å between I1 and the central iodine I3 of the triiodide. This contact is also 
much longer than the rest of the I···I contacts in this study, but closer to the previously 
described I···I contact of 3.551(1) Å in [Ph3PI][I3].
122 The free triiodide is nearly symmetrical 
because the I2-I3 (2.923(2) Å) and I3-I4 (2.918(2) Å) bonds are very similar in length. The 
triiodide is also fairly linear with an I-I-I angle of 178.11(7)°. 
The structure of [(mesityl)3PI]
+[I3]
-, 13 is also of the Isomer A type, whereby the 
[(mesityl)3PI]
+ cation is linked to a asymmetrical [I3]
- anion via an I···I contact of 3.408(16) Å. 
This length is shorter than that observed for structure 12. The P-I bond length in 13 is 
2.480(5) Å, which is considerably longer than the P-I bond lengths in the o-tolyl 6, m-tolyl 7 
and p-tolyl 8 substituted [R3PI]
+[I3]
- structures, which have P-I bond lengths of 2.425(10) Å, 
2.390(5) Å and 2.416(3) Å respectively. Electronic effects should dictate that the 
(mesityl)3P, the most basic phosphine compared to 6, 7 and 8 would have the shortest P-I 
bond, but this is not the case. This long P-I bond is a result of the high steric demand of this 
phosphine compared to the o-tolyl 6, m-tolyl 7 and p-tolyl 8 substituted phosphines which 
have a crystallographic cone angles of 178.6°, 171.9° and 151.3° respectively. The 
crystallographic cone angle in [(mesityl)3PI]
+[I3]
-, 13 is 193.7°. The triiodide is nearly linear 
and has an I-I-I angle of 178.54(6)° and it is also highly asymmetric, with I-I bond lengths of 
2.8396(16) and 2.9852(16) Å. 
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2.7.8 X-ray crystallographic structure of [(mesityl)3PI]+[I3]-, 13 
 
Figure 2.15: ORTEP representation of the molecular structure of [(mesityl)3PI]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 3.408(16) I2-I3-I4 178.54(6) 
P1-I1 2.480(5) C1-P1-I1 106.2(6) 
C1-P1 1.806(17) I1-I2-I3 78.84(6) 
I2-I3 2.9852(16) C10-P1-I1 104.1(5) 
I3-I4 2.8396(16) C20-P1-I1 104.1(6) 
C10-P1 1.849(16)   
C20-P1 1.808(17)   
 
Table 2.19: Selected bond lengths and angles for [(mesityl)3PI]
+[I3]
- 
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2.7.9 X-ray crystallographic structure of (mesityl)3PI6-7, 14 
 
Figure 2.16: ORTEP representation of the molecular structure of (mesityl)3PI6-7 
 
Bond Length (Å) Angle Angle (˚) 
P1-I1 2.470(7) C1-P1-I1 104.1(8) 
P2-I2 2.451(8) I5-I4-I3 177.57(10) 
I3-I4 3.025(3) C37-P2-I2 104.9(9) 
I4-I5 2.850(3) I8-I9-I8i 180.0 
I6-I7 2.741(5) I6-I7-I8 164.84(14) 
I8-I9 2.926(3) I7-I8-I9 101.15(9) 
I1-I3 3.463(3) I3-I11-I10 171.94(11) 
I3-I11 3.350(4) I11-I3-I1 123.40(9) 
I11-I10 2.750(4) I4-I3-I1 81.33(8) 
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I7-I8 3.455(10) P1-I1-I3 165.12(19) 
  I4-I3-I11 86.64(9) 
 
Table 2.20: Selected bond lengths and angles for (mesityl)3PI6-7 
 
 
Figure 2.17: ORTEP representation of the extended molecular structure of (mesityl)3PI6-7 
 
Crystals of (mesityl)3PI6-7, 14 (triclinic, P-1) were grown by layering diethylether over a 
solution of the compound ((mesityl)3PI4) in dichloromethane. The ORTEP representation of 
the molecular structure in figure 2.16 and the selected bond lengths and angles are shown 
in table 2.20. The structure is distorted but exhibits an interesting polyiodide network as 
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shown in figure 2.17. There are two [(mestyl)3PI]
+[I5]
-, one [(mesityl)3PI]
+ cation and one [I7]
- 
anion in one unit cell. Polyiodide anions [I5]
- and [I7]
- have formed instead of the triiodide 
[I3]
- anion. The [I5]
- anions have a V-shape consistent with the [I-I···I-I]- makeup of the 
anion. This is reflected in the I-I bond lengths, as I3···I4 (3.025(3) Å) and I11···I3 (3.350(4) Å) 
are consistent with longer I-I bond lengths between I2 moieties and an I
-. In contrast I4-I5 
(2.850(3) Å) and I10-I11 (2.750(4) Å) are considerably shorter and closer to the I-I bond in 
free I2 (2.670 Å).
241 The [I7]
- anion is Z-shaped and can be broken down as [I2···I3···I2]
-. The 
anion has a centre of symmetry at atom I(9). The terminal I2 moieties have an I6-I7 bond of 
2.741(5) Å, again slightly elongated from that of free I2. In contrast the I7-I8 bond is 
3.455(10) Å, which is much longer and links to the central [I3]
- moiety. Here, the bond 
length, I8-I9 is 2.926(3) Å which is consistent with a symmetrical [I3]
- moiety. There are two 
crystallographically distinct [(mesityl)3PI]
+ cations with P-I bonds of 2.470(7) and 2.451(8) 
Å. One of the cations interacts with the [I5]
- anion, I1···I3 is 3.463(3) Å which is consistent 
between I···I interactions between [Ar3PI]
+ and another iodine atom. The other cation 
interacts with the disordered polyiodide anion and this disordered polyiodide packs in 
waves as shown in figure 2.17. 
 
2.8 X-ray crystallographic studies of R3PBr2 adducts 
 
Crystals of [(o-tolyl)3PBr]
+[Br3]
-, 15 (orthorhombic, P212121) were grown by layering diethyl 
ether over a solution of the compound in dichloromethane. The ORTEP representation of 
the molecular structure (figure 2.18) and the selected bond lengths and angles (table 2.21) 
are shown below. 
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2.8.1 X-ray crystallographic structure of [(o-tolyl)3PBr]+[Br3]-, 15 
 
Figure 2.18: ORTEP representation of the molecular structure of [(o-tolyl)3PBr]
+[Br3]
- 
 
Bond Length (Å) Angle Angle (˚) 
Br4-P1 2.180(3) Br3-Br1-Br2 177.74(5) 
Br1-Br2 2.6127(13) C1-P1-Br4 107.5(3) 
Br1-Br3 2.5576(13) Br4-Br2-Br1 76.12(5) 
C1-P1 1.778(10) C8-P1-Br4 106.0(3) 
C8-P1 1.793(9) C15-P1-Br4 107.0(3) 
C15-P1 1.808(10)   
 
Table 2.21: Selected bond lengths and angles for [(o-tolyl)3PBr]
+[Br3]
- 
 
[(o-tolyl)3PBr]
+[Br3]
-, 15 displays an Isomer A type structure whereby the [(o-tolyl)3PBr]
+ 
cation is linked to an asymmetric [Br3]
- anion via a Br···Br interaction of 3.333(3) Å. This 
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Br···Br contact is longer than the Br-Br bond in dibromine (2.28 Å) but still within the van 
der Waals radii of two bromine atoms (3.9 Å).242 In comparison with the previously 
described structures of the type R3PBr2 (table 2.22) it can be seen that the Br···Br contacts 
for these compounds lie within the range of 3.123(3)-3.369(2) Å, and the contact in 15 lies 
within that range. The shorter Br···Br contact in Ph3PBr2 is due to the charge transfer 
(rather than ionic) nature of that compound.107 Compound 15 has also resulted in a 
asymmetric tribromide with a difference of 0.0551 Å between the two Br-Br bond lengths. 
The tribromide anion is close to linear with a Br-Br-Br angle of 177.74(5)°. The P-Br bond 
length in 15 is 2.180(3) Å and lies within the range for previously described P-Br bond 
lengths (table 2.22).  
 
Compound P-Br (Å) Br···Br (Å) Reference 
Ph3PBr2 2.181(3) 3.123(3) 
107 
Pri3PBr2 2.185(3) 3.369(2) 
105 
Et3PBr2 2.173(3) 3.303(2) 
111 
 
Table 2.22: Selected bond lengths for R3PBr2 type compounds 
 
[{(m-tolyl)3PBr}2Br3][Br3], 16 (triclinic, P-1) was crystallised by layering diethylether over the 
solution of product in dichloromethane. The ORTEP representation of the molecular 
structure of 16 is shown in figure 2.19 whilst the selected bond lengths and angles are 
presented in table 2.23.  
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2.8.2 X-ray crystallographic structure of [[{(m-tolyl)3PBr}2Br3][Br3]]2, 16 
 
Figure 2.19: ORTEP representation of the molecular structure of [[{(m-tolyl)3PBr}2Br3][Br3]]2 
 
Bond Length (Å) Angle Angle (˚) 
Br9-Br8 3.482(2) Br8-Br7-Br8i 180 
P1-Br9 2.174(5) C1-P1-Br9 108.0(6) 
C1-P1 1.755(18) Br9-Br8-Br7 75.96(9) 
Br5-Br6 2.540(2) C8-P1-Br9 108.2(5) 
Br7-Br8 2.548(2) C15-P1-Br9 107.6(5) 
C8-P1 1.793(18) P2-Br10-Br4 157.93(16) 
C15-P1 1.799(17) Br10-Br4-Br3 86.16(3) 
P2-Br10 2.162(6) Br4-Br3-Br4i 180.00 
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Br10-Br4 3.423(3) Br6-Br5-Br6i 180.00 
Br3-Br4 2.549(2) Br10-P2-C22 110.1(6) 
Br5-Br6 2.540(2) Br10-P2-C29 107.2(6) 
P2-C22 1.781(18) Br10-P2-C36 108.8(7) 
P2-C29 1.793(17)   
P2-C36 1.80(2)   
 
Table 2.23: Selected bond lengths and angles for [[{(m-tolyl)3PBr}2Br3][Br3]]2 
 
The structure of [[{(m-tolyl)3PBr}2Br3][Br3]]2 16 is of the Isomer type C whereby two cationic 
species of {(m-tolyl)3PBr}
+ are linked to the opposite ends of a symmetric [Br3]
- anion, 
forming an overall Z shaped motif, the overall charge is balanced by a second non 
interacting [Br3]
- anion. There are two crystallographically distinct [{(m-tolyl)3PBr}2Br3][Br3] 
motifs within one asymmetric unit. The P-Br lengths in this structure are 2.174(5) & 
2.162(6) Å and are in line with the literature.105, 107, 111 The Br···Br contacts of 3.482(2) and 
3.423(3) Å in structure 16 are much larger than previous examples signifying the increased 
ionic nature of 16. All the [Br3]
- anions in 16 are symmetrical. The Br7-Br8 (2.548(2) Å) and 
Br3-Br4 (2.549(2) Å) bond lengths of the tribromides involved in the Z-shaped motif are 
similar to those seen for the non interacting tribromides, Br5-Br6 (2.540(2) Å) and Br1-Br2 
(2.551(2) Å).  
The crystals of [(o-thioanisyl)3PBr]
+[Br3]
-, 17 (Trigonal, R3) were grown by layering 
diethylether over the solution of the product in dichloromethane. The ORTEP 
representation of the molecular structure (figure 2.20) along with selected bond lengths 
and angles (table 2.24) are shown below. 
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2.8.3 X-ray crystallographic structure of [(o-thioanisyl)3PBr]+[Br3]-, 17 
 
Figure 2.20: ORTEP representation of the molecular structure of [(o-thioanisyl)3PBr]
+[Br3]
- 
 
Bond Length (Å) Angle Angle (˚) 
Br1-Br2 3.524(5) Br2-Br3-Br3ii 179.37(6) 
P1-Br1 2.173(6) C1-P1-Br1 107.8(4) 
C1-P1 1.795(13) Br1-Br2-Br3 73.66(6) 
Br2-Br3 3.002(5)   
Br3-Br3ii 2.399(5)   
C2-S1 1.738(14)   
 
Table 2.24: Selected bond lengths and angles for [(o-thioanisyl)3PBr]
+[Br3]
- 
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In the structure of [(o-thioanisyl)3PBr]
+[Br3]
- the cation has crystallographically imposed 
three fold symmetry, and although it adopts the Isomer A structure the [Br3]- anion is very 
asymmetric. The P-Br bond length in 17 is 2.173(6) Å and is in line with the previously 
described examples in this study, the Br···Br contact between the cation and the anion in 
this structure is 3.524(5) Å and is the longest in this study but still within the van der Waals 
radii for two bromine atom (3.9 Å).242 This could be considered as an Isomer A type 
structure whereby an [(o-thioanisyl)3PBr]
 cation is linked to an assymetric [Br3]
- anion via a 
weak Br···Br interaction as seen in previous examples in this study. However the tribomide 
in this structure is very asymmetric with two very different dibromine lengths. The Br3-Br3ii 
bond length is 2.399(5) Å which is similar to the Br-Br bond length in free dibromine (2.28 
Å),242 whilst the Br2-Br3 bond length of 3.002(5) Å is much longer than the Br-Br bond 
length seen in free dibromine. Therefore, the molecular structure of 17 is better 
represented as [(o-thioanisyl)3PBr]
+···Br-···Br2. The extended molecular structure of 17 is 
shown in figure 2.25 and shows interesting packing features. Each [(o-thioanisyl)3PBr]
+ is 
linked to a Br- anion which in turn has Br···Br interactions with three different Br2 units as 
shown in figure 2.25. This Br- anion is also at each of the vertices of an 18 membered 
hexagonal bromine system. Therefore a [(o-thioanisyl)3PBr]
+ cation is linked to each of the 
vertex of this hexagonal ring. This creates a 2D polybromide network templated by cation-
anion interactions. This is also comparable to the structure of [1Et.2Br]2+(Br-)2(Br2)3 (where 
1Et = 4,5,9,10-tetrathiocino-[1,2-b:5,6-b’]-1,3,6,8-tetraethyl-diimidazolyl-2,7-dithione) 
where a 2D polybromide network featuring 18 membered hexagonal rings is templated via 
cation interactions.243 
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Figure 2.25: ORTEP representations of the extended molecular structure of [(o-
thioanisyl)3PBr]
+[Br3]
- 
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2.9 X-ray crystallographic studies of [R3PX]+[X3]- (where X = I, Cl) 
 
Crystals of [(o-tolyl)3PCl]
+[ICl2]
-, 18 (orthorhombic, P212121), [{(p-tolyl)3PCl}2I3]
+[I3]
-, 19 
(triclinic, P-1), [(o-anisyl)3PCl]
+[I3]
-, 20 (triclinic, P -1), [(o-thioanisyl)3PCl][I3]2, 21 (triclinic, P -
1), [(p-ClC6H4)3PCl]
+[I3]
-, 22 (monoclinic, P21/n) were grown by layering diethylether over 
the solutions of the products in dichloromethane. The ORTEP representations of the 
molecular structures of 18, 19, 20, 21 and 22 are shown in figures 2.21, 2.22, 2.23, 2.24 and 
2.25 respectively, whilst the selected bond lengths and angles for these products are 
shown in tables 2.26, 2.28, 2.29, 2.30 and 2.31. The only previous crystallographically 
characterised example of the type R3PX(X`) compound is that of Ph3PIBr described by 
Godfrey and co-workers.126 Ph3PIBr is an example of the molecular “spoke” structure 
adducts however in this compound the two halogen sites have mixed occupancies of 
bromine and iodine. All of the crystals obtained in this study are formed from the reaction 
of 1:1 ratios of R3P and ICl with the intention of forming the molecular spoke structure of 
R3PICl. However in all of the cases the more electronegative chlorine has reacted with the 
phosphine forming ionic structures of formula [R3PCl][X3]. The halide on the phosphonium 
cation is always chlorine and the [X3]
- anion is either [I3], [ICl2] or a mixed occupancy I/Cl 
trihalide. 
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2.9.1 X-ray crystallographic structure of [(o-tolyl)3PCl]+[ICl2]-, 18 
 
Figure 2.21: ORTEP representation of the molecular structure of [(o-tolyl)3PCl]
+[ICl2]
- 
 
Bond Length (Å) Angle Angle (˚) 
Cl3-Cl1 3.469(3) Cl2-I1-Cl1 177.08(8) 
P1-Cl3 2.006(6) C1-P1-Cl3 106.0(5) 
C1-P1 1.813(17) Cl3-Cl1-I1 80.89(8) 
Cl2-I1 2.700(3) C8-P1-Cl3 106.7(6) 
Cl1-I1 2.735(2) C15-P1-Cl3 107.6(6) 
C8-P1 1.788(17)   
C15-P1 1.798(18)   
 
Table 2.26: Selected bond lengths and angles for [(o-tolyl)3PCl]
+[ICl2]
- 
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This is an example of Isomer A type structure whereby the [(o-tolyl)3PCl]
+ cation is linked to 
an [X3]
- anion (where X = Cl or I, with mixed occupancy of the halogens at each site) via a 
weak Cl3-Cl1 interaction of 3.469 Å. The P-Cl bond in 18 is 2.006(6) Å, this length is shorter 
than that seen for molecular R3PCl2 species (table 2.27), but is comparable with the ionic 
structures of [Ph3PCl···Cl···ClPPh3]Cl.2CH2Cl2, Pr
n
3PCl2, Pr
i
3PCl2 where the P-Cl bond lengths 
are 2.015(9), 2.008(9) and 2.002(1) Å respectively . The trihalide is nearly linear with a Cl-I-
Cl angle of 177.08(8)°.  
 
Structure P-Cl (Å) Structure type Reference 
(C6F5)3PCl2 
2.1995(10) 
2.2005(10) 
Trigonal-
bipyramidal 
104 
[Ph3PCl···Cl···ClPPh3]Cl.2CH2Cl2 2.015(9) Dinuclear Ionic 
100 
Ph3PCl2 
2.280(2) 
2.225(1) 
Trigonal-
bipyramidal 
101 
(C6F5)Ph2PCl2 
2.244(2) 
2.241(3) 
Trigonal-
bipyramidal 
103 
Prn3PCl2 
2.008(9) 
1.980(3) 
Ionic (two entities 
in one unit cell) 
103 
Pri3PCl2 2.002(1) Ionic 
105 
 
Table 2.27: Selected bond lengths for R3PCl2 type compounds 
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2.9.2 X-ray crystallographic structure of [{(p-tolyl)3PCl}2I3]+[I3]-, 19 
 
Figure 2.22: ORTEP representation of the molecular structure of [{(p-tolyl)3PCl}2I3]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
Cl1-I1 3.438(16) I1-I2-I1i 180.00 
P1-Cl1 2.273(7) C1-P1-Cl1 105.7(8) 
C1-P1 1.78(2) Cl1-I1-I2 78.90(6) 
I1-I2 2.9154(16) C8-P1-Cl1 111.4(8) 
I3-I4 2.926(2) C15-P1-Cl1 111.8(11) 
C8-P1 1.75(2)   
C15-P1 1.78(2)   
 
Table 2.28: Selected bond lengths and angles for [{(p-tolyl)3PCl}2I3]
+[I3]
- 
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[{(p-tolyl)3PCl}2I3]
+[I3]
-, 19, is an example of the Z-shaped Isomer C type structure whereby 
two cationic species of {(p-tolyl)3PCl}2 are linked to opposite ends of one symmetrical [I3]
- 
anion, the overall charge is balanced by a second non interacting [I3]
- anion. The structure 
is therefore isostructural with fully iodinated [{(p-tolyl)3PI}2I3]
+[I3]
-.  The P-Cl bond length in 
19 is 2.273(7) Å is longer than that seen for the P-Cl bond lengths in ionic structures of 
[Ph3PCl···Cl···ClPPh3]Cl.2CH2Cl2, Pr
n
3PCl2 and Pr
i
3PCl2 (table 2.27). The site occupied by 
chlorine in this structure is also partially occupied by iodine, this can explain the longer P-Cl 
bond length in this structure. The Cl···I interaction in this structure is 3.438(16) Å.  
 
2.9.3 X-ray crystallographic structure of [(o-anisyl)3PCl]+[I3]-, 20 
 
Figure 2.23: ORTEP representation of the molecular structure of [(o-anisyl)3PCl]
+[I3]
- 
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Bond Length (Å) Angle Angle (˚) 
Cl4-I1 3.610(4) I1-I2-I3 172.63(14) 
P1-Cl4 2.029(7) C1-P1-Cl4 111.4(5) 
C1-P1 1.771(14) Cl4-I1-I2 118.83 
I1-I2 2.753(3) C8-P1-Cl4 106.4(5) 
I2-I3 2.844(4) C15-P1-Cl4 103.4(6) 
C8-P1 1.766(14)   
C15-P1 1.775(15)   
 
Table 2.29: Selected bond lengths and angles for [(o-anisyl)3PCl]
+[I3]
- 
 
[(o-anisyl)3PCl]
+[I3]
-, 20 is an example of Isomer A type structure featuring the cation and 
anion in a 1:1 ratio, linked via a weak Cl···I interaction of 3.610(4) Å. This has also resulted 
in an asymmetric [I3]
- anion whereby the difference between the two I2 moieties is 0.091(4) 
Å the I-I bond lengths being 2.753(3) and 2.844(4) Å. The P-Cl bond length in this structure 
is 2.029(7) Å, which is in line with previous reports,100, 103, 105 and is also comparable to the 
P-Cl bond length of 2.006(6) Å observed for the ionic structure of [(o-tolyl)3PCl]
+[ICl2]
-, 18, 
in this study.  
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2.9.4 X-ray crystallographic structure of [(o-thioanisyl)3PCl]+[I3]-, 21 
 
Figure 2.24: ORTEP representation of the molecular structure of [(o-thioanisyl)3PCl]
+[I3]
- 
 
Bond Length (Å) Angle Angle (˚) 
P1-Cl1 2.009(5) C1-P1-Cl1 105.0(4) 
C1-P1 1.784(13) C7-P1-Cl1 109.2(4) 
I1-I2 2.9139(11) C13-P1-Cl1 103.2(4) 
I3-I4 2.9104(12)   
C7-P1 1.797(14)   
C13-P1 1.815(14)   
 
Table 2.30: Selected bond lengths and angles for [(o-thioanisyl)3PCl]
+[I3]
- 
 
[(o-thioanisyl)3PCl][I3], 21, displays a ionic structure whereby half of each of the two [I3]
- 
anions is in the asymmetric unit. There is no interaction between the [(o-thioanisyl)3PCl] 
cation and any of the [I3]
- anions. Both of the [I3]
- anions are symmetrical due to an 
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inversion centre being present at the central iodine atom of both trihalides. The I-I bonds 
2.9139(11) and 2.9104(12) are typical of a symmetric [I3]
- anion. The P-Cl bond length of 
2.009(5) Å in this structure is comparable to the P-Cl bond lengths in 18 (2.006(6) Å) and 20 
(2.029(7) Å).  
 
2.9.5 X-ray crystallographic structure of [(p-ClC6H4)3PCl]+[I3]-, 22 
 
Figure 2.25: ORTEP representation of the molecular structure of [(p-ClC6H4)3PCl]
+[I3]
- 
Bond Length (Å) Angle Angle (˚) 
P1-Cl1 1.984(2) C1-P1-Cl1 108.9(2) 
C1-P1 1.762(7) I3-I2-I1 178.93(2) 
I1-I2 2.9584(7) C7-P1-Cl1 106.9(2) 
I2-I3 2.8639(7) C13-P1-Cl1 107.9(2) 
C7-P1 1.781(8)   
C13-P1 1.777(7)   
 
Table 2.31: Selected bond lengths and angles for [(p-ClC6H4)3PCl]
+[I3]
- 
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[(p-ClC6H4)3PCl]
+[I3]
-, 22, is an ionic structure featuring the cation and the anion in a 1:1 
ratio and an asymmetric [I3] anion. This structure however features no Cl···I interaction and 
in such differs from the Isomer A type structure. The P-Cl bond length in 22 is 1.984(2) Å 
and is shorter than the P-Cl bond lengths seen for 18, 20 and 21. 
 
2.10 Conformational features and crystal packing of Ar3PI2 and [Ar3PX][X3] 
(X = I, Br, Cl and mixed halogens) structures 
 
In this chapter there is a large number [Ar3PX]
+ units – both in Ar3PI2 spoke structures and 
as [Ar3PX]
+ in [Ar3PX][X3] structures – so the study can extend to whether particular aryl 
groups reliably and regularly adopt particular conformations in these systems. The aryl 
groups studied are o-tolyl, m-tolyl, p-tolyl, o-anisyl, m-anisyl, p-anisyl, o-thioanisyl, p-
thioanisyl, p-fluorophenyl and p-chlorophenyl.  To this end the conformations of the aryl 
groups in all of the structures presented in chapter 2 have been assessed by an 
examination of the X–P–C(ipso)–C(ortho) torsion angles of the aryl groups. Cone angles 
have also been calculated from the crystal structures to show the steric demands of the 
adduct. As we go from Cl to Br to I the cone angles increase because the P-X bond length is 
decreasing therefore by definition the aryl rings will be closer to the halogen resulting in a 
large cone angle. Table 2.32 displays cone angles, torsion angles (X-P-C-C), conformations, 
P-X and X-X / X···X (where X = I, Cl, Br) lengths for all the crystallographically characterised 
compounds in this chapter.  
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Compound 
Cone 
Angle 
(°) 
Torsion 
Angle 
 X-P-C-C (°) 
Conformation P-X (Å) 
X-X / X···X 
(Å) 
(m-tolyl)3PI2, 1 154.5 
32.4(14), 
44.9(16), 
71.0(13)  
exo1-staggered 
orientation 
2.477(4) 3.1808(16) 
(p-tolyl)3PI2, 2 145.0 
22.18(14), 
68.9(12), 
28.4(13) 
staggered - two 
upright one flat 
2.472(4) 3.1807(12) 
(m-anisyl)3PI2, 3 148.8 
-44.3(12),  
-51.9(13),  
-54.3(12)  
exo1 – two rings 
close to propeller 
2.4539(19) 3.2123(6) 
(p-anisyl)3PI2, 4 152.5 
-54.0(7), 
 -52.7(9), 
 -37.8(9) 
 
staggered 
propeller – all 
OMe groups 
pointing down 
2.449(4) 3.257(15) 
(p-thioanisyl)3PI2, 
5 
147.0 
-142.8(11), 
-133.9(11), 
-116.2(9) 
staggered 
propeller – Two 
SMe groups 
pointing down 
2.4673(19) 3.193(8) 
[(o-tolyl)3PI]
+[I3]
-, 6 177.6 
58.2(15), 
63.2(15),   
-167.3(13)  
exo2-staggered, 
two similar, one 
upright 
2.425(10) 3.404 
[(m-tolyl)3PI]
+[I3]
-, 
7 
171.9 
-76.2(15),  
-40.4(16), 
19.9(17)  
exo3-staggered, 
one ring twisted 
the other way 
2.390(5) 3.459 
[{(p-tolyl)3PI}2I3] 
[I3], 8 
151.3 
-36.9(9),  
-62.7(10),  
-40.0(10) 
staggered 
propeller 
 
2.416(3) 3.468 
[(o-anisyl)3PI]
+[I3]
-, 
9 
188.0 
174.6(8),  
-55.6(9),  
-55.5(8)  
exo2-staggered, 
two similar one 
upright 
2.4209(18) 3.468 
[(p-anisyl)3PI]
+[I3]-, 
10 
149.5 
166.9(8), 
125.2(7), 
137.0(8) 
staggered 
propeller 
2.409(2) 3.492 
[(p-
thioanisyl)3PI]
+[I3]
-, 
11 
147.5 
132.4(14), 
160.7(15), 
124.6(14) 
staggered 
propeller 
2.398(3) 3.510 
[(p-FC6H4)3PI]
+[I3]
-, 
12 
151.4 
174.5(10), 
105.4(9), 
150.5(9) 
staggered 
propeller 
2.397(6) 3.563 
[(mesityl)3PI]
+[I3]
-, 
13 
193.7 
128.5(13), 
131.6(12), 
128.6912) 
staggered 
propeller 
2.480(5) 3.408 
[(o-tolyl)3PBr]
+ 
[Br3]
-, 15 
186.4 
-67.1(9),  
-57.9(8), 
160.6(7)  
exo2 – staggered, 
endo ring less 
upright 
2.180(3)  
[{(m-tolyl)3PBr}2 
Br3][Br3],  
16 (Conf 1) 
169.1 
154.4(12),  
-45.5(16), 
111.7(15)  
exo1 – exo ring 
twisted in 
opposite direction 
2.174(5) 3.482 
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[{(m-tolyl)3PBr}2 
Br3][Br3],  
16 (Conf 2) 
166.3 
-118.4(15), 
57.2(15), 
30.3(18)  
exo2 – staggered, 
endo opposite 
direction 
  
[(o-
thioanisyl)3PBr]
+ 
[Br3]
-, 17 
190.2 
55.6(9), 
55.6(9), 
55.6(9)  
exo3 – staggered 2.173(6) 3.524 
[(o-tolyl)3PCl]
+ 
[ICl2]
-, 18 
192.7 
-161.2(9), 
57.4(11), 
65.3(12)  
exo2 – staggered, 
endo ring less 
upright 
2.006(6) 3.469 
[{(p-tolyl)3PCl}2I3]
+ 
[I3]
-, 19 
154.2 
148.2(8), 
147.4(13), 
120.5(13) 
staggered 
propeller 
2.273(7) 3.438 
[(o-anisyl)3PCl]
+[I3]
-
, 20 
212.0 
178.1(8),  
-49.6(7),  
-58.4(7) 
exo2 2.029(7) 3.610 
[(o-thioanisyl)3PCl] 
[I3]2, 21 
191.5 
-176.9(16),  
60.6(14), 
53.7(13) 
exo2 2.009(5)  
[(p-ClC6H4)3PCl]
+ 
[I3]
-, 22 
170.4 
43.5(12), 
20.9(12), 
59.9(15) 
staggered 
propeller 
1.984(2)  
 
Table 2.32: Selected bond lengths and angles for R3PXn and R3P(XX`)n compounds
 
 
The ideal conformation of an [Ar3PX]
+ system of tetrahedral geometry would have C3 
symmetry – known as a propeller geometry in which all three X–P–C(ipso)–C(ortho) torsion 
angles would have the same value (ideally the torsion angle would be approximately 45). 
However in real crystal structures this exact propeller geometry is often not observed and 
staggered conformations are more common. These may be close to the propeller 
conformation or maybe very staggered, and in some cases one ring may be twisted in the 
opposite direction to the other two. An ideal propeller conformation can be observed 
where the cation has crystallographically imposed C3 symmetry. Dance and co-workers 
have shown that phenyl embraces (either bi- or multi-molecular) between EPh3 or [EPh4]
+ 
rings (E = P, As), are usually the predominant feature in the crystal packing of structures 
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containing these groups.244-246 These embraces are commonly either edge-to-face (EF), or 
offset face-to-face (OFF), interactions between phenyl rings.244 
Scudder and Dance have studied the effect of ring substitution on the ability of the (EF)6 
motif to form and shown it to be one of the most commonly observed aryl embraces. It 
occurs in a wide variety of structures containing Ph3P and [Ph4P]
+ groups.247-250 It has been 
calculated that the (EF)6 embrace between two uncharged Ph3E molecules is energy-
stabilising by around 10 to 20 kcal mol-1.250 They have also shown that for o-tolyl3P systems 
the (EF)6 embrace is not affected by the methyl groups provided that they are orientated 
away from the interaction zone.251 This orientation has been termed an exo3 conformation, 
where an exo substituent is defined as a group pointing towards the apex of a pyramid 
consisting of the three para hydrogen’s as the base, and the atom bound to phosphorus or 
arsenic as the apex.252 It has been found that tris-ortho-tolyl phosphine adopts only two 
(exo2 and exo3) out of the four possible conformations (exo0, exo1, exo2 and exo3) in crystal 
structures.252-255 Baber et al. have noted that the exo3 conformation is preferred in metal 
complexes with low steric demand (two and three coordinate complexes, and some 
tetrahedral systems), while square planar or octahedral complexes feature ligands with an 
exo2 conformation.
255 The (EF)6 embrace is hindered and not possible when the exo2 
conformation is adopted, therefore the extra stability that the (EF)6 embrace imparts on 
the crystal packing is likely to favour he exo3 conformation over the exo2 whenever 
sterically possible. 
2.10.1 o-tolyl groups 
Structures 6, 15 and 18 all have the exo2 conformation with one of the rings twisted into 
the opposite direction. This contrasts with the previously reported (o-tolyl)3PI2 structure 
where the conformation is exo3.
256 The exo3 conformation in (o-tolyl)3PI2 is very bulky and 
hence results in a cone angle of 192.2°, but in (o-tolyl)3PI2 this seems to be a stable 
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conformation as the energetically favourable (EF)6 embrace is set up by this conformation. 
The cone angle in [(o-tolyl)3PI][I3], 6, is 177.6. Although the cone angles in 15 and 18 are 
larger (186.4 and 192.7° respectively), this could be a direct result of a larger halogen on 
the phosphorus atom. 
2.10.2 m-tolyl groups 
A number of different conformations are observed for (m-tolyl) structures. In (m-tolyl)3PI2 
the m-tolyl group has a exo1 conformation, whilst in [(m-tolyl)3PI][I3] it is exo3. In [{(m-
tolyl)3PBr}2Br3][Br3] there are two crystallophically distinct cations, one with exo1 and the 
other with exo2 conformation. Therefore there appears to be no especially favoured 
conformation for the m-tolyl groups.   
2.10.3 p-tolyl groups 
In all of the p-tolyl structures the rings adopt a staggered conformation (by definition all 
the CH3 groups are endo in a p-tolyl structure). In each case one of the rings is more 
upright from the other two rings – i.e. in (p-tolyl)3PI2 one X-P-C-C torsion is 68.9° whilst the 
other two lie between 22 and 28°. 
2.10.4 o-anisyl groups 
In both the o-anisyl structure described here the conformation is exo2 with one ring 
twisted in the opposite direction. This is identical to the exo2 conformation seen for the (o-
tolyl) structures of the [R3PX][X3] type. 
2.10.5 m-anisyl groups 
The only structure described in this report is that of (m-anisyl)3PI2. The m-anisyl groups in 
this structure have an exo1 conformation analogous to (m-tolyl)3PI2. In view of the number 
of different conformations observed for the m-tolyl groups it seems likely that the m-anisyl 
groups are also likely to adopt a vareiety of conformations. 
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2.10.6 p-anisyl groups 
As for the (p-tolyl) groups, the (p-anisyl) conformations are staggered but with less 
distortion than p-tolyl. Additionally all of the OMe groups point away from the P-I bond in 
(p-anisyl)3PI2.  
2.10.7 o-thioanisyl groups 
Different conformations were observed for [(o-SCH3C6H4)3PCl][I3] and [(o-SCH3C6H4)3PBr] 
[Br3]. In the former the exo2 conformation is seen and this is an analogous conformation 
for [(o-CH3C6H4)3PX][X3] and [(o-OCH3C6H4)3PX][X3] structures. However in [(o-SCH3C6H4)3P 
Br][Br3]  the cation has crystallographically imposed C3 symmetry and therefore adopts the 
exo3 conformation. This allows for the (EF)6 embrace which helps contribute to the layered 
structures, (figure 2.26), where layers of the polybromide network sit between layers of 
embracing cations. 
 
Figure 2.26: Extended molecular structure of [(o-thioanisyl)3PBr]
+[Br3]
- 
2.10.8 p-thioanisyl, p-fluorophenyl and p-chlorophenyl groups  
As expected all of these comnpounds are staggered propeller as expected with the rings 
twisted in the same directions 
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2.11 Conclusion 
 
The reactions of aryl phosphines with halogens in a 1:1 or 2:1 ratios produce R3PX2 (X = Cl, 
Br, I) or R3PX4 (X = Br, I) adducts respectively. The former (when X = I) can usually be 
described as molecular CT adducts with a linear P-I-I motif. Studies of Ar3PX2 have shown 
that the magnitude of the P-I and I-I bonds may depend on sterics and crystal packing 
effects, as well as electronic effects. Studies of the conformations have shown that crystal 
packing via aryl embraces can lead to a particular conformation of the aryl groups being 
preffered over others. For example o-tolyl, o-anisyl or o-thioanisyl systems can crystallise 
with the aryl groups adopting either exo2 or exo3 conformation. The exo2 is the least 
sterically demanding but the exo3 allows for an energetically favoured (EF)6 embrace to 
form, which results in stabilisation of a layered structure in [(o-SCH3C6H4)3PBr][Br3]. For 
meta substituted systems such as m-tolyl there appears to be no especially favoured 
conformation. 
The structures of [R3PX][X3] salts show structural isomerism. In most cases simple 1:1 
structures are observed with weak X···X interactions between cation and anion resulting in 
asymmetric trihalide anions. For the mixed chlorine / iodine salts the cation usually 
contains the lighter halogen, i.e. [R3PCl] and the X···X interactions are very weak, or 
sometimes non existent as in [(o-SCH3C6H4)3PCl][I3], where the [I3]
- anions are symmetric as 
a result. In the case of (p-tolyl)3PX4 salts a 2:2 (Isomer C) [{R3PX}2X3][X3] structure is always 
observed with a Z-shaped cationic fragment. Only the m-tolyl system shows a halogen 
dependency on the structure – when X = I an 1:1 Isomer A structure is observed, when X = 
Br it is Isomer C. 
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3.1 Introduction  
 
Organoselenium halides have been known for many years, (in particular phenyl selenium 
halides), which are versatile electrophilic reagents and are used in a range of different 
organic transformations.184, 185 Organoselenium halides are commonly found in both the +2 
(RSeX) and +4 (RSeX3 / R2SeX2 / R3SeX) oxidation states. These compounds are generally 
synthesised via the reactions of halogens or halogenating agents with selenoethers or 
diselenides (equation 3.1 and 3.2).185  
 
RSe
2
2RSeI+ I2
                                                 3.1 
RSe
2
3Br2 2RSeBr3+
                                         3.2 
 
The reactions of diselenides (R2Se2) with halogens produce both RSeX selenium(II) species, 
and RSeX3 selenium(IV) species, depending on the ratio and the oxidising power of the 
halogen, e.g. RSeF compounds are highly unstable with respect to disproportionation to 
RSeF3 and R2Se2,
192 and reactions with fluorinating agents such as XeF2 usually result in the 
formation of RSeF3 compounds,
192 Whilst both RSeX and RSeX3 can be accessed when X = Cl 
and Br, there are no reports of RSeI3 compounds. Reactions of R2Se2 with I2 usually lead to 
products with an RSeI stoichiometry, although examples of RSeI compounds containing 
genuine covalent selenium-iodine bonds are rare.152 The only examples known are with 
very bulky R groups such as 2,4,6-(tBu)3C6H2,
197 2,4,6-(Me)3C6H2,
257 and C6H3-2,6-[C6H3-3,5-
{2,6-(iPr)2C6H3}2]2 (Bpq).
258 The Se-I bonds in these compounds vary between 2.5203(11) 
and 2.5360(11) Å. Other ArSeI compounds (and many ArSeCl and ArSeBr compounds), are 
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frequently stabilised by short N···Se-I or O···Se-I intermolecular interactions from 
heteroatoms present on pendant arms on the aryl rings,259 or by hypervalent coordination 
from non-bonded halide ions,260 or halogen substituents on the aryl ring.261 In this way an 
N/O/X···Se-X system is set up stabilising the Se-I (or other Se-X) bond. The Se-I bonds in 
these systems range between 2.7419(9) and 2.8935(8) Å. 
The surprising structural diversity of RSeX compounds is illustrated by the “PhSeX” series (X 
= Cl, Br, I). When X = Cl or Br then Ph4Se4X4 tetramers are formed in the solid state,
131, 196 
where the four PhSeX units are linked into a square via weak Se-Se bonds [2.993(3) to 
3.051(2) Å]. By contrast, PhSeI is a centrosymmetric dimer (Ph2Se2I2)2,
199 which is a CT 
species where one selenium atom acts as a donor towards iodine [Se-I: 2.992 Å] whilst the 
other behaves as a weak acceptor [Se-I: 3.588 Å]. A small number of RSeCl3 compounds 
have been structurally characterised which show some structural variations in the solid 
state.217-220 The structure of PhSeCl3 is polymeric, and consists of individual “saw-horse” 
shaped PhSeCl3 units linked into a chain polymer by bridging chlorines, the overall 
geometry at selenium being square pyramidal, as shown in figure 3.1.220  
 
Figure 3.1: Extended polymeric chain structure of C6H4SeCl3
220
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The only reported structure of an RSeBr3 compound is that of PhSeBr3 which exhibits a 
different structure to PhSeCl3.
220 The geometry around the selenium atom in PhSeBr3 is 
square pyramidal but the structure consists of a primary “PhSeBr2” unit, with two 
additional weaker Se-Br bonds to bromide ions. These bromide ions are each interacting 
with four different “PhSeBr2” units. To complete the structure each of the two bromine 
atoms bound strongly to selenium are linked to more bromine atoms, which interact via 
Br···Br contacts to four “PhSeBr2” units. The network structure of PhSeBr3 is thus built up 
by extensive Se···Br and Br···Br contacts and exhibit molecular, ionic and CT aspects (figure 
3.2).  
 
Figure 3.2: Extended structure of C6H4SeBr3
220
  
 
In this chapter a series a halo substituted aryl diselenides will be reacted with halogens to 
see if the presence of the halogens on the aryl rings will have any effects on the structures 
of RSeX and RSeX3 adducts. 
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3.2 Synthesis of diorganodiselenides R2Se2  
 
A series of para halo-substituted diaryldiselenides were prepared via the reaction of the 
Grignard / lithiated reagents with elemental selenium followed by hydrolysis and oxidation 
of the reaction mixture (equation 3.3).  
 
2Ar-MgBr + 2Se 2Ar-Se-MgBr Ar2Se2 MgBr2 MgO+ +
O2
 
 (Where Ar = 4-ClC6H4, 4-BrC6H4, 4-IC6H4 and 4-FC6H4)                                                           3.3 
 
The diselenides were obtained in excellent (83-91%) yields and their purity was confirmed 
by comparing their 1H and 13C NMR with previous reports.262 The 77Se{1H} NMR for the 
compounds is shown in table 3.2. The X-ray crystal structure of bis(p-chlorophenyl) 
diselenide was first described by Kruse and co-workers (figure 3.3).263  
 
Figure 3.3: ORTEP representation of the molecular structure of (p-ClC6H4)2Se2 
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The Se-Se bond length of 2.333(0.015) Å in this structures compares favourably with the 
value of 2.34 Å found in the α-selenium.264 The (C-Se-Se-C) dihedral angle of 74.5° along 
the Se-Se bond in this structure is somewhat smaller than the 82° angle observed for 
diphenyldiselenide.265  
 
3.2.1 X-ray Crystallographic structure of (p-IC6H4)2Se2 
 
Crystals of (p-IC6H4)2Se2 were grown by slow evaporation of dichloromethane / 
diethylether layered solution of the compound. The structure of (p-IC6H4)2Se2 (monoclinic, 
P21/c) contained a monomeric unit, as shown in figure 3.4, with selected (p-IC6H4)2Se2 bond 
lengths and angles described in table 3.1. 
 
Figure 3.4: ORTEP representation of the molecular structure of (p-IC6H4)2Se2 
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Bond Length (Å) Angle Angle (˚) 
I(1)-C(4) 2.087(13) Se(2)-Se(1)-C(1) 98.6(4) 
I(2)-C(10) 2.097(14) Se(1)-Se(2)-C(7) 96.1(4) 
Se(1)-Se(2) 2.350(2) I(1)-C(4)-C(5) 122.1(10) 
Se(1)-C(1) 1.925(13) I(1)-C(4)-C(3) 115.9(9) 
Se(2)-C(7) 1.919(12) C(8)-C(7)-C(12) 120.1(12) 
 
Table 3.1: Selected bond lengths and angles for (p-IC6H4)2Se2 
 
The Se-Se bond length 2.350(2) Å in this structure is similar to the Se-Se bond length of 
2.34 Å found in α-selenium (allotrope of elemental selenium). The C-Se-Se-C dihedral angle 
along of 74.4(2)° along the Se-Se bond in this structure is also very similar to the dihedral 
angle of 74.5° found in the structure of (p-ClC6H4)2Se2. The structure of (p-IC6H4)2Se2 has 
also shown some interesting packing features (figure 3.5). There is a long term interaction 
between the iodine atom of one molecule and the selenium atom of the other (3.682(2) Å). 
This distance although long is within the sum of the van der Waals radii for selenium and 
iodine (3.88 Å). There is also some π-π stacking between the two phenyl rings.  
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Figure 3.5: Extended molecular structure of (p-IC6H4)2Se2 
 
3.2.2 Synthesis of arylselenium halides / trihalides     
 
Diaryldiselenides were reacted with halogens in a 1:1 ratio to form RSeX compounds and 
this reaction was also performed with the halogens and the diselenides in a 3:1 ratio to 
form RSeX3 type compounds. All the reactions performed are shown in equation 3.3 below. 
 
R2Se2 X2 2RSeX
R2Se2 3X2 2RSeX3
+
+
Et2O, N2
Et2O, N2
                                              3.3 
[R = p-FC6H4, p-ClC6H4, p-BrC6H4, p-IC6H4] and [X2 = Cl2, Br2, I2] 
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The compounds synthesised in this chapter are highly air and moisture sensitive therefore 
standard anhydrous Schlenk techniques were employed throughout their syntheses, and 
all additions were performed in an argon filled glove box. All the reactions were left stirring 
for approximately 48 hours. In each case the formation of products was identifiable by a 
distinct colour change, i.e. cream for Cl/Cl3, light orange for Br/Br3 purple for I/I3. Where 
possible all of the new compounds were characterised via multi-nuclear NMR (1H, 13C{1H}, 
and 77Se{1H}) spectroscopy, Raman spectroscopy and X-ray crystallography, see chapter 6 
for full data.  
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3.3 NMR spectroscopic data for aryl selenium halides 
 
All the compounds synthesised were analysed via 1H, 13C{1H} and 77Se{1H} NMR 
spectroscopy. The proton and carbon NMR showed the presence of clean product and all 
the data is listed in chapter 6 of the report. All the 77Se{1H} NMR shifts are listed in table 
3.2. 77Se{1H} NMR chemical shifts for selenium(IV) compounds are found in the region of 
800-1500 ppm,266 these values are higher than that expected for Se(II) shifts due to the 
deshielding of the selenium nucleus. The 77Se{1H} NMR for (Ph2Se2I2)2, which exists as a 
centrosymmetric dimer in the solid state shows a single resonance at 485.3 ppm in 
CDCl3.
199 This peak is very close to that observed for Ph2Se2 (461 ppm),
267 indicating the 
presence of an equilibrium between Ph2Se2 and (Ph2Se2I2)2.
199 The 77Se{1H} NMR spectrum 
for Ph4Se4Br4 which is held together in the solid state via a weak Se4 square displays a 
resonance at 866.5 ppm,220 on this evidence the authors suggested that the weakly held 
Se4 square breaks down in solution to a monomeric PhSeBr moiety. A similar situation is 
observed for Ph4Se4Cl4 where a single resonance at 1045 ppm is suggestive of a monomeric 
“PhSeCl” species in the CDCl3 solution.
220 The spectra of MesSeBr3 and MesSeCl3 display 
resonances at 1091.6 and 1277.8 ppm respectively.110  
Compound 77Se{1H} NMR /ppm 
(p-FC6H4Se)2 491.4[s] 
p-FC6H4SeCl 618.2[s] 
p-FC6H4SeCl3 618.2[s], 732.8[s] 
p-FC6H4SeBr 851.6[s] 
p-FC6H4SeBr3 857.0[s] 
p-FC6H4SeI 410.3[s], 501.8[brs] 
p-FC6H4SeI3 415.4[s], 504.4[brs] 
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(p-ClC6H4Se)2 475.9[s] 
p-ClC6H4SeCl 571.8[s], 621.8[s] 
p-ClC6H4SeCl3 x 
p-ClC6H4SeBr 853.3[brs] 
p-ClC6H4SeBr3 847.1[s] 
p-ClC6H4SeI 417.5[s], 487.3[bs] 
p-ClC6H4SeI3 x 
 
(p-BrC6H4Se)2 x 
p-BrC6H4SeCl 571.3[s], 622.6[s] 
p-BrC6H4SeCl3 412.5[s], 472.5[s], 622.5[s], 712.0[s], 737.3[s] 
p-BrC6H4SeBr 854.1[s] 
p-BrC6H4SeBr3 844.0[s] 
p-BrC6H4SeI 338.6[s], 415.0[s], 477.8[brs] 
p-BrC6H4SeI3 356.4[s], 421.1[s], 486.5[brs] 
 
(p-IC6H4Se)2 467.9[s] 
p-IC6H4SeCl 624.5[s] 
p-IC6H4SeCl3 468.3[s], 624.7[s] 
p-IC6H4SeBr 852.8[s] 
p-IC6H4SeBr3 493.8[s], 851.4[brs] 
p-IC6H4SeI 329.2[s], 415.3[s], 470.4[s] 
p-IC6H4SeI3 350.6[s], 420.5[s], 475.8 [brs] 
Table 3.2: 77Se{1H} NMR data for Ar2Se2, ArSeX and ArSeX3 type compounds 
For the (p-FC6H4)2Se2 series the 
77Se NMR spectra is the same for both the (p-FC6H4)SeX and 
(p-FC6H4)SeX3 (where X = Br, I) adducts. This suggests that a single species is formed in each 
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case irrespective of the ratio of the halogen used. This trend is also observed for the p-
ClC6H4, p-BrC6H4 and p-IC6H4 series. In the case where X = Br for all the compounds in table 
3.2 the peaks are observed at 844-857 ppm for both the 1:1 and 3:1 reactions. These 
values are very similar to that observed in the 77Se NMR shift observed for Ph4Se4Br4 (866.5 
ppm) suggesting that the product in each case is similar to the “square motif” observed for 
Ph4Se4Br4 irrespective of the quantity of the halogen used. 
 
3.4 Raman spectroscopic data for aryl selenium halides 
 
Most of the RSeX and RSeX3 (X = C, Br, I) compounds decomposed when subjected to the 
intense beam of the Raman spectrometer, even at low power showing spectra of very poor 
quality, therefore no data could be obtained for most of the compounds. In the absence of 
any fluorescence the compounds for which good Raman spectra could be obtained along 
with the observed Raman bands are listed in table 3.3 below. 
Compound Raman / cm-1 
(p-ClC6H4)2Se2 
 
3061(s), 3048, 1561(m), 1292, 1173, 1085, 1062, 728, 626, 332, 
310(m), 300, 269, 248, 203, 184, 140 
 
(p-ClC6H4)SeCl3 
 
3066(m), 1560(m), 1179, 1092, 1041, 998, 723, 354(s), 307(s), 
249(w), 198 
 
(p-ClC6H4)SeBr3 
 
3281, 3231, 3061(m), 1558(m), 1182, 1089, 1041, 997, 721, 621, 
346, 309, 268(s), 207(s), 184(s), 153, 138 
 
Table 3.3: Raman data for Ar2Se2 and ArSeX3 type compounds 
Keys colour coded: Ring C-H stretches, Aromatic C=C stretches, Se-X symmetric stretches, Se-X  
asymmetric stretches and Se-Ph vibrations 
A peak at 317 cm-1 in diphenyldiselenide268 is associated with the selenium carbon skeleton 
of the molecule, a strong band at 310 cm-1 for (p-ClC6H4)2Se2 can therefore be assigned to 
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v(Se-Ph). The raman spectrum for the compound PhSeCl3 described by Godfrey and co-
workers220 displayed three Se-Cl stretching vibrations. Peaks at 150 and 123 cm-1 were 
assumed to be Se-Cl bending modes, whilst the peaks at 372, 333 and 302 cm-1 were 
assigned to v(Se-Cl) symmetric and asymmetric stretching bands. For the (p-ClC6H4)SeCl3 
we see peaks at 354, 307 and 249 cm-1, these peaks can be assigned to the v(Se-Cl) 
symmetric and asymmetric stretching bands. As expected these bands are shifted to lower 
frequency compared to PhSeCl3 due to the presence of an electronegative chlorine at the 
para position in (p-ClC6H4)SeCl3. There are however no corresponding peaks for the Se-Cl 
bending modes in (p-ClC6H4)SeCl3. 
Bands for the analogous tribromides are observed at lower frequency compared to the 
trichlorides, due to the increased polarizability of the Se-Br bond, hence tribromides 
exhibit strong bands in the 180-290 cm-1 region. The Raman spectrum of PhSeBr3
110, 220 
exhibits three v(Se-Br) bands at 197, 216 and 286 cm-1 and one v(Se-Ph) band at 248 cm-1, 
these values were consistent with the previous findings by Clarke and Al-Turaihi,269 who 
postulated a distorted octahedral environment for the selenium atom on the basis of this 
study. Bands for (p-ClC6H4)SeBr3 were found at 207 and 184 cm
-1, which can be assigned to 
the Se-Br stretchings. This is consistent with the previous studies,220 and is shifted to lower 
frequency due to the chlorine atom in the para position on the ring. The Se-Br bending 
modes were not seen as they would be expected below the low frequency limit of the 
spectrometer (<100 cm-1). However a large peak for (p-ClC6H4)SeBr3 can be seen at 153 cm
-
1, which corresponds well with an IR peak of 152 cm-1 of the same compound assumed to 
be the Se-Br deformation mode.270  
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3.5 X-ray crystallography 
 
3.5.1 X-ray Crystallographic structure of p-ClC6H4SeI.I2, 1 
 
Crystals of p-ClC6H4SeI.I2 (triclinic, P-1) were formed upon evaporation of diethyl ether 
from the reaction mixture, and were similar in appearance to iodine. An ORTEP 
representation of the molecular structure of p-ClC6H4SeI.I2 is shown in figure 3.6 whilst the 
selected bond lengths and angles are shown in table 3.4.  
 
Figure 3.6: ORTEP representation of the molecular structure of p-ClC6H4SeI.I2 
 
Bond Length (Å) Angle Angle (˚) 
I1-Se1 2.559(2) I3-I2-Se1 177.57(6) 
I2-Se1 2.867(2) I1-Se1-I2 99.39(7) 
CT system 
Covalent bond 
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I2-I3 2.8329(16) I1-Se1-C1 99.3(5) 
Se1-C1 1.947(18) I2-Se1-C1 97.7(5) 
Cl4-C4 1.721(18) Se1-C1-C2 120.4(13) 
C1-C6 1.37(3) Cl4-C4-C5 121.3(14) 
 
Table 3.4: Selected bond lengths and angles for p-ClC6H4SeI.I2 
 
This is the first example of a crystallographically characterised “RSeI3” compound. The 
compound is not a covalent Se(IV) molecule however, but essentially a 1:1 CT adduct of (p-
ClC6H4)SeI with I2. The oxidation state of the selenium can therefore be considered to be a 
+2 and the compound is best represented as p-ClC6H4SeI.I2. The Se(1)-I(1) of 2.559(2) Å is a 
genuine (and rare) example of a covalent Se-I bond, whilst in the Se(1)-I(2) bond (2.867(2) 
Å), the selenium atom is acting as a donor towards diiodine. This bond length although 
long can be comparable to the Se-I length of 2.992(2) Å found in the charge transfer 
structure of (Ph2Se2I2)2.
199 The slight lengthening of the donating I(2)-I(3) bond (2.8329(16) 
Å compared to 2.71 Å of free diiodine) is further evidence of this charge transfer moiety. 
The I(3)-I(2)-Se(1) shows the typical linear geometry of a CT system at 177.57(16)°. The 
other Se(1)-I(1) bond is 2.559(2) Å, and is therefore much shorter than the Se-I bonds seen 
in donor-acceptor systems, such as the Se-I length of 2.992 Å in the CT structure of 
(Ph2Se2I2)2.
199 It is more comparable to the covalent Se-I length of 2.529(4) Å found in 2,4,6-
tri-tert-butylphenyl(iodo)selenide.197 This Se-I covalent bond is the only example where a 
covalent Se-I bond is formed without any bulky substituents on the aryl ring. VSEPR 
predicts a bent geometry for RSeX which is observed here, with C(1)-Se(1)-I(1) angle of 
99.3(5)°. The additional CT iodine spoke results in an overall trigonal pyramidal geometry 
at selenium.  The crystal packaging of this structure shows secondary Se···I and I···I 
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interactions in which two p-ClC6H4SeI.I2 units come together and form a square via a weak 
interaction (3.387 Å) between two iodine atoms. These squares are also joined to other 
squares via weaker Se-I (3.650 Å) contacts (figure 3.7). 
 
Figure 3.7: Extended molecular structure of p-ClC6H4SeI.I2 
 
3.5.2 X-ray Crystallographic structure of (p-FC6H4)Se-Se(I)2(p-FC6H4), 2 
 
The complete removal of solvent from the reaction mixture yielded crystals of (p-FC6H4)Se-
Se(I)2(p-FC6H4), 2, (monoclinic, C2/c) which were purple-brown in appearance. An ORTEP 
representation of the molecular structure of 2 is shown in figure 3.8 and selected bond 
lengths and angles are shown in table 3.5. 
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Figure 3.8: ORTEP representation of the molecular structure of (p-FC6H4)Se-Se(I)2(p-FC6H4) 
 
Bond Length (Å) Angle Angle (˚) 
I1-I2 2.7694(9) I2-I1-Se1 173.14(3) 
I1-Se1 2.9835(12) I1-Se1-Se2 113.30(5) 
Se1-Se2 2.3595(15) I1-Se1-C1 98.9(3) 
Se1-C1 1.948(11) Se1-Se2-C7 101.3(3) 
Se2-C7 1.909(11) Se2-Se1-C1 99.7(3) 
F1-C4 1.347(14) Se1-C1-C2 118.4(8) 
F2-C10 1.360(13) F1-C4-C5 119.2(10) 
 
Table 3.5: Selected bond lengths and angles for (p-FC6H4)Se-Se(I)2(p-FC6H4)  
 
In agreement with previous reports197, 199 the Se-Se bond has not been cleaved. The Se(1)-
Se(2) bond length of 2.3595(15) Å is similar to the Se-Se bond lengths in (p-IC6H4Se)2 
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(2.350(2) Å) and (Ph2Se2I2)2 (2.347 Å).
199 Only one selenium atom participates in the 
bonding with the iodine atom, and this is a charge transfer interaction with d(Se(1)-I(1)) 
2.9835(12) Å. This length is similar to d(Se-I) 2.992 Å found in the charge transfer structure 
of (Ph2Se2I2)2. In contrast to (Ph2Se2I2)2 the structure of (p-FC6H4)2Se2I2 feature an I2 spoke 
on only one of the selenium atoms. In the extended structure two (p-FC6H4)2Se2I2 units 
come together to pack via weak interactions between Se atom of one molecule, and the 
iodine atom of the second molecule (d(Se-I) = 3.817 Å), as shown in figure 3.9 below. This 
packing arrangement is different for that observed for the slightly puckered eight member 
ring containing two Se2 groups and two I2 groups in the structure of (Ph2Se2I2)2. In this case 
a four membered ring is formed containing one selenium and one iodine atom from the 
two (p-FC6H4SeI)2 molecules. 
 
Figure 3.9: Extended molecular structure of (p-FC6H4)Se-Se(I)2(p-FC6H4) 
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3.5.3 X-ray Crystallographic structure of p-FC6H4SeCl3, 3 
 
Yellow crystals of p-FC6H4SeCl3, 3, (monoclinic, C2/c) were grown from a diethylether / 
dichloromethane layered solution of the isolated product. The ORTEP representation of 
the molecular structure of 3 is shown in figure 3.10 whilst the selected bond lengths and 
angles are shown in table 3.6.  
 
Figure 3.10: ORTEP representation of the molecular structure of p-FC6H4SeCl3 
 
Bond Length (Å) Angle Angle (˚) 
Se1-Cl1 2.556(2) Cl1-Se1-Cl2 89.46(9) 
Se1-Cl2 2.201(3) Cl1-Se1-Cl3 175.28(9) 
Se1-Cl3 2.227(2) Cl2-Se1-Cl3 93.55(10) 
Se2-Cl4 2.639(2) C1-Se1-Cl1 90.3(3) 
Se2-Cl5 2.189(3) C1-Se1-Cl2 95.0(3) 
Se2-Cl6 2.231(2) C1-Se1-Cl3 93.1(3) 
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C1-Se1 1.962(8) C6-C1-Se1 118.0(6) 
 
Table 3.6: Selected bond lengths and angles for p-FC6H4SeCl3 
 
p-FC6H4SeCl3 is a dimeric structure where two p-FC6H4SeCl3 units dimerise via bridging 
chlorines as shown in figure 3.10. The geometry at each selenium atom (due to the lone 
pair) is distorted square pyramidal as the angle C(1)-Se(1)-Cl(2) = 95.0(3)˚, is greater than 
the expected 90.0˚. The structure is also showing evidence for π-π stacking, with an 
average C-C separation of 3.631 Å. The phenyl rings are bent inwards as the F(4)-Se(1)-
Se(2) and F(10)-Se(2)-Se(1) angles are 87.48 and 85.65° respectively, with the separation 
between F(10)-F(4) being 3.263 Å. The Se-Cl bond lengths for this structure range between 
2.189(3)-2.231(2) Å for the terminal bonds, and 2.556(2)-2.766(2) Å for the bridging bonds, 
these lengths compare favourably with previous reported structures of CF3SeCl3,
217 1,2-
(SeCl3)C6H4,
218 4-(Me3Si)2N-3,5-(
iPr)2C6H2SeCl3
219 and C6H5SeCl3
220 where a range of 2.13(2)-
2.259(4) Å for terminal and 2.497(3)-2.75(2) Å for bridging bonds is seen. The structure is 
quite different to that observed for PhSeCl3
220 which exhibits a polymeric chain structure 
whereby individual PhSeCl2 units are linked by two bridging chlorine atoms into a chain. 
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3.6  Conclusion 
 
A series of compounds with the general formula RSeX / RSeX3 (where R = p-fluorophenyl, 
p-chlorophenyl, p-bromophenyl, p-iodophenyl and X = Cl, Br, I) have been synthesised by 
reacting the diselenides with halogens in the stoichiometric ratios. X-ray crystal structures 
of (p-ClC6H4)SeI.I2, (p-FC6H4)Se-Se(I)2(p-FC6H4) and (p-FC6H4)SeCl3 are described in this 
study. (p-ClC6H4)SeI.I2 is the first example of a compound of “RSeI3” stoichiometry to be 
crystallographically characterised but is best represented as an I2 adduct of the Selenium(II) 
iodide (p-ClC6H4)SeI. One genuine covalent Se-I bond is observed whilst the other Se-I bond 
is part of a linear Se-I-I CT system. The structure appears to be stabilised by other Se···I and 
I···I interactions. By contrast (p-FC6H4)Se-Se(I)2(p-FC6H4) retains its Se-Se bond (uncleaved) 
when reacted with iodine. Instead a 1:1 CT spoke structure is formed with the I-I spoke 
observed on only one of the two selenium atoms. The structure of (p-FC6H4)SeCl3 does not 
show the polymeric chain structure observed previously for PhSeCl3 but is a dimeric 
molecule with bridging chlorines. Both of the (p-FC6H4) rings are on the same side of the 
molecule and are tilted (slightly) from each other.   
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4.1 Introduction  
 
ArSeX and ArTeX fragments can behave as pseudohalogen moieties and undergo similar 
reactions to halogens. The reaction between R3P and two equivalents of PhSeCl results in 
the formation of [R3PSePh][PhSeCl2] (equation 4.1 and 4.2), rather than the formation of 
the adduct R3PSe(Ph)Cl.  
    
R3P + 2PhSeCl [R3PSePh][PhSeCl2]                                                     4.1 
This is an analogous reaction to the formation of [R3PX][X3] species when R3P is reacted 
with two equivalents of X2. 
R3P + 2X2 [R3PX][X3] (where X = I2, Br2, Cl2)                       4.2 
and [RSeX2]
- is a pseudohalogen analogue of [X3]
- 
Inspite of the rich chemistry of PhSeCl,185 reports on the chemistry of the [PhSeCl2]
- anion 
are very rare, and there is only one report by Herberhold and co-workers271 describing the 
structure of the [PhSeCl2]
- anion. In this study a monomer of [Cp*Rh(SePh)2] slowly 
decomposed in CH2Cl2 to give crystals of [Cp*Rh(µ-SePh)3RhCp*][PhSeCl2] which were 
analysed via X-ray crystallography. The anion [PhSeCl2]
- adopts an almost perfect T-shaped 
geometry with the Cl atoms occupying the pseudoaxial positions. The Se-Cl bond lengths in 
this [PhSeCl2]
- anion are 2.430(2) and 2.476(2) Å.  
The crystal structures of tetraphenylarsonium diiodophenyltellurate [(C6H5)4As][C6H5TeI2] 
and tetraphenylarsonium bromoiodophenyltellurate [(C6H5)4As][C6H5TeBrI] were described 
by Hauge and Vikane.272 Both of these structures are ionic with the [PhTeX2]
- anion 
displaying a T-shaped geometry. The Te-I bond lengths in [PhTeI2]
- are 2.9634(13) and 
Chapter 4 Formation of [PhEX2] & [PhEX4] salts (E = Se, Te; X = Cl, Br, I) 
from reactions of REX / REX3 with [Ph4P]X or Ph3PX2 
 
 161 
2.9456(14) Å with an almost linear I-Te-I angle of 178.03(4)°. In the [PhTeIBr]- anion the Te-
I and Te-Br bond lengths are 2.9033(18) and 2.8676(22) Å respectively. The I-Te-Br angle in 
this structure is 177.93(3)°.   
Lang and co-workers have reported the crystal structure of [PhSe(etu)][PhTeBr4] and 
[PhSe(etu)][PhTeI4] (where etu = ethylenethiourea).
273 In both structures the [PhTeBr4]
- and 
[PhTeI4]
- anions feature tellurium centres in a distorted octahedral configuration, achieved 
through dimerization involving secondary, reciprocal Te···X interactions. These anionic 
dimers are then linked through X···X interactions forming a polymeric chain (fig. 4.1). 
 
 
Figure 4.1: One dimensional polymeric assembly of the dimers of [PhTeI4]2
2-.273 
 
Lang and co-workers have investigated the structures of a series of organotetrahalo 
tellurate anions, [RTeX4]
- featuring different counter cations.273-275 All of the compounds 
described in these studies possess secondary Te···X interactions and in some cases 
significant cation anion interactions. Beckmann and co-workers have described the only 
example in the literature featuring an organotetrachlorotellurate anion displaying neither 
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secondary Te···Cl interactions nor any significant cation-anion interactions.276 The 
compound bis(triphenyl phosphoranylidene) ammonium phenyltetrachlorotellurate 
[Ph3PNPPh3][PhTeCl4] is shown in figure 4.2 below.  
 
 
Figure 4.2: ORTEP representation of the molecular structure of [Ph3PNPPh3][PhTeCl4] 
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4.2 Synthesis 
 
The objective was to investigate the use of PhSeX (X = Cl, Br, I) reagents as a route to 
synthesise the T-shaped [PhSeX2]
- anion via the reaction of PhSeX with X-, an analogous 
reaction to that of X2 with X
- to produce [X3]
-. For this purpose, initially [Ph4PX] and 
[Ph3PX]X was reacted with PhSeX (where X = I, Br, Cl) and then these reactions were 
extended to produce [PhTeX2]
- and [PhTeX4]
- anions. The products were first formed via a 
direct reaction between pre-formed PhSeX with [Ph4P]X and [Ph3PX]X (X = Cl, Br, I) as 
shown in equations 4.3 and 4.4. The products were also obtained via a one pot reaction of 
stoichiometric ratios Ph2E2 / X2 / (Ph3P or [Ph4P]X) (where E = Se, Te and X = I, Br, Cl) as 
shown in equations 4.5 and 4.6. 
 
Ph3PX2 + PhEX [Ph3PX][PhEX2]
Where X = I, Br, Cl and E = Se, Te
Et2O
                                         4.3 
+ PhEX [Ph4P][PhEX2]
Where X = I, Br, Cl and E = Se, Te
Et2O
Ph4PX
                                           4.4 
2Ph3PX2 + Ph2E2 2[Ph3PX][PhEX2]
Where X = I, Br, Cl and E = Se, Te
Et2O
+ X2
                                      4.5 
+ 2[Ph4P][PhEX2]
Where X = I, Br, Cl and E = Se, Te
Et2O
2Ph4PX Ph2E2 + X2
                                          4.6 
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All products described are acutely air and moisture sensitive. Therefore great efforts were 
made to ensure that strictly anhydrous and anaerobic conditions were adhered to 
throughout their synthesis, manipulation and their subsequent characterisation. Where 
possible all of the new compounds were characterised via elemental analysis, multi-
nuclear NMR (1H, 13C{1H}, and 31P{1H}), Raman spectroscopy and X-ray crystallography, see 
chapter 6 for full data. The microanalysis data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] (where 
X = I, Br, Cl and E = Se, Te) compounds is shown in table 4.1. 
   
Compound 
Microanalysis data; calculated (found) 
%C %H %P %X 
Reactions between Ph3PCl2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PCl][PhSeCl2] 54.91 (59.53) 3.84 (4.19) 5.91 (7.88) 20.28 (14.95) 
[Ph3PCl][PhSeBrCl] 50.62 (50.53) 3.54 (3.15) 5.44 (5.84)  
[Ph3PCl][PhSeICl] 46.76 (48.18) 3.27 (3.49) 5.03 (6.98)  
[Ph3PCl][PhTeCl2] 50.25 (45.67) 3.52 (3.09) 5.40 (5.02) 18.56 (25.29) 
Reactions between Ph3PBr2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PBr][PhSeBr2] 43.78 (57.58) 3.08 (4.01) 4.71 (7.02) 36.44 (28.20) 
[Ph3PCl][PhSeBr2] 46.95 (46.84) 3.29 (3.25) 5.05 (5.15)  
[Ph3PBr][PhSeIBr] 40.86 (38.34) 2.86 (2.66) 4.39 (5.36)  
[Ph3PBr][PhTeBr2] 40.77 (39.04) 2.85 (2.89) 4.38 (4.19)  
Reactions between Ph3PI2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PI][PhSeI2] 36.05 (36.33) 2.52 (2.32) 3.88 (4.27) 47.66 (48.50) 
[Ph3PCl][PhSeI2] 40.72 (37.01) 2.85 (2.39)   
[Ph3PBr][PhSeI2] 38.31 (39.72) 2.68 (2.67) 4.12 (5.33) Br, 10.63 (~10) 
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I, 33.76 (~38) 
[Ph3PI][PhTeI2] 33.98 (33.70) 2.38 (2.30) 3.65 (3.78) 44.92 (45.18) 
Reactions between Ph4PX + PhSeX (where X = I, Br, Cl) 
[Ph4P][PhSeCl2] 63.60 (63.69) 4.45 (4.52) 5.47 (5.79) 12.53 (~12.35) 
[Ph4P][PhSeBr2] 54.97 (55.64) 3.85 (3.83) 4.73 (5.02) 24.40 (24.25) 
[Ph4P][PhSeI2] 48.07 (48.11) 3.36 (3.17) 4.14 (5.28) 33.89 (42.75) 
[Ph4P][PhSeICl] 54.75 (54.62) 3.83 (3.83) 4.71 (5.82) 
Cl, 5.39 (~7) 
I, 19.30 (~25) 
[Ph4P][PhSeIBr] 51.29 (52.39) 3.59 (3.53) 4.41 (5.73) 
Br, 11.38 (~15) 
I, 18.08 (~22) 
[Ph4P][PhSeBrCl] 58.97 (57.49) 4.13 (3.87) 5.07 (5.00) 
Br, 13.09 (~17) 
Cl, 5.81 (~4) 
Reactions between Ph4PX + PhTeX (where X = I, Br, Cl) 
[Ph4P][PhTeCl2] 58.57 (55.95) 4.10 (3.87) 5.04 (5.27) 11.54 (16.74) 
[Ph4P][PhTeBr2] 51.17 (45.54) 3.58 (3.05) 4.40 (4.20) 22.71 (33.87) 
[Ph4P][PhTeI2] 45.14 (45.17) 3.16 (3.01) 3.88 (4.09) 31.82 (32.65) 
 
Table 4.1: Microanalysis data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] (where X = I, Br, Cl and E = Se, 
Te) compounds 
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4.3 NMR spectroscopic data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] 
(where X = I, Br, Cl and E = Se, Te) compounds 
 
All of the compounds synthesised were analysed via multinuclear (1H, 13C{1H} and 31P{1H}) 
NMR studies, and the full data for these compounds is presented in chapter 6. The 13C{1H} 
and 31P{1H} NMR shifts (in ppm) for the compounds are also listed in table 4.2. As expected 
the 1H NMR spectrum in each case showed peaks in the range 6.9-8.1 ppm indicating the 
presence of phenyl groups. In the 13C{1H} NMR spectra of [Ph3PX]
+ cations (where X = Cl, Br, 
I), a trend was observed whereby the splitting in the doublet of the ipso carbon of the 
phenyl ring changed as the identity of the halogen on the [Ph3PX]
+ cation changed. For 
example, the magnitude of the ipso 1J(PC) splitting for [Ph3PCl]
+ is 92-94 Hz but this 
changes to 86-86 Hz for [Ph3PBr]
+ and 77 Hz for [Ph3PI]
+ cations. Albright239 has described a 
direct relationship between the magnitude of the 1J(PC) splitting and the percentage of s 
character in the hybrid orbital on the carbon comprising the P-C bond. The 1J(PC) splitting 
observed for the [Ph3PX]
+ and [Ph4P]
+ salts can be explained by considering Bents Rule277 
which states that the “atomic s character tends to concentrate in the orbitals that are 
directed toward the electropositive groups and the atomic p character tends to 
concentrate in the orbitals that are directed towards the electronegative group. In the case 
of [Ph3PCl]
+ cation, the p character of the phosphorus atom is directed towards the 
electronegative chlorine atom and this has resulted in a C-P bond with a high s character. 
As the electronegativity in the halogen on the [Ph3PX]
+ cation decreases the s character in 
the C-P bond decreases and this results in a lower value for the 1J(PC) splitting.  All the 
1J(PC) coupling constants (in Hertz), are underlined in table 4.2. The 31P{1H} NMR spectra 
for [Ph3PX]
+ cations display peaks in the region of 64.5-65.8 ppm for [Ph3PCl]
+ cations, 47.2-
51.8 ppm for [Ph3PBr]
+ cations and -10-9.2 ppm for [Ph3PI]
+ cations. The 31P{1H} NMR shifts 
observed for these compounds are in line with the literature103, 111 and also correspond 
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well with the 1J(PC) splittings observed in the 13C{1H} NMR for these compounds. In the 
31P{1H} NMR spectrum of these compounds there is also evidence of hydrolysed species 
shown by the resonances at 42.2-45.8 ppm. The products were also subjected to analysis 
via 77Se{1H} NMR spectroscopy, but the data displayed a lot of noise and no conclusive 
results could be derived from this data. The 31P{1H} NMR data for [Ph4P]
+ cation is 
consistent for all the compounds displaying a peak in the region of 23.0-23.2 ppm.     
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Compound 13C /ppm (splitting / Hz) 31P{1H} NMR /ppm 
Reactions between Ph3PCl2 + PhEX (where E = Se, Te and X = I, Br, Cl)  
[Ph3PCl][PhSeCl2] 119.1 (94), 128.7 (12), 129.1, 131.1 (14), 132.1, 132.3, 132.3 (2), 137.4 64.9 [s], 32.3 [s] 
[Ph3PCl][PhSeBrCl] 118.0 (93), 129.4 (13), 129.9, 131.0 (14), 132.3 (10), 133.7, 133.9, 137.4 65.7 [s], 42.2 [s] 
[Ph3PCl][PhSeICl] 118.5 (93), 129.6 (13), 131.1 (14), 132.3 (11), 133.7, 133.9, 137.5 65.8 [s], 44.0 [s] 
[Ph3PCl][PhTeCl2] 118.4 (93), 129.6 (12), 129.8, 131.0 (14), 132.4 (11), 133.6, 133.8,137.4 65.7 [s], 44.8 [s] 
Reactions between Ph3PBr2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PBr][PhSeBr2] 118.9 (86), 129.2, 129.7 (13), 131.1 (14), 133.0 (11), 133.9, 134.0,137.2 47.2 [s] 
[Ph3PCl][PhSeBr2] 118.5 (92), 129.2 (12), 129.8, 131.1 (15), 132.6 (10), 133.7, 133.8, 137.4 64.5 [s], 42.4 [s] 
[Ph3PBr][PhSeIBr] 118.9 (86), 129.2, 129.7 (13), 131.1 (14), 133.0 (11), 133.9, 134.0,137.2 51.5 [s] 
[Ph3PBr][PhTeBr2] 118.8 (86), 128.2, 129.6 (12), 131.2 (14), 132.6 (11), 134.1, 134.2,137.3 51.8 [s], 45.9 [brs] 
Reactions between Ph3PI2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PI][PhSeI2] 118.4 (77), 130.3 (13), 130.9 (13), 131.9,  133.6 (10), 133.9, 134.0,138.0 9.2 [s] 
[Ph3PCl][PhSeI2] 118.4 (93), 129.4 (12), 130.9, 131.3 (14), 132.3 (10), 133.8, 133.9,137.5  
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[Ph3PBr][PhSeI2] 118.4, 129.6 (13), 130.3, 131.8 (13), 133.0 (11), 133.9, 134.0,138.0 51.1 [s], 37.3 [s], -10.0 [s] 
[Ph3PI][PhTeI2] 129.5 (13), 130.9, 130.2 (14), 132.3 (11), 133.6, 133.8, 141.2 -9.3 [s] 
Reactions between Ph4PX + PhSeX (where X = I, Br, Cl) 
[Ph4P][PhSeCl2] 117.4 (89), 130.8 (13), 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhSeBr2] 117.4 (89), 129.0, 130.8 (12), 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhSeI2] 117.3 (89), 130.9 (13), 134.4 (10), 135.8 23.2 [s] 
[Ph4P][PhSeICl] 117.4 (90), 130.9 (12), 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhSeIBr] 117.4 (89), 130.9 (12), 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhSeBrCl] 117.4 (89), 129.2, 130.9 (13), 134.4 (10), 135.5, 135.8 23.2 [s] 
Reactions between Ph4PX + PhTeX (where X = I, Br, Cl) 
[Ph4P][PhTeCl2] 117.4 (89), 128.0, 129.5, 130.8 (12), 133.5, 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhTeBr2] 117.4 (89), 128.2, 129.5, 130.8 (12), 134.4 (10), 135.8 23.1 [s] 
[Ph4P][PhTeI2] 117.4 (90), 127.5, 128.4, 130.9 (12), 134.4 (10), 135.8, 142.5 23.0 [s] 
Table 4.2: NMR data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] (where X = I, Br, Cl and E = Se, Te) compounds 
Chapter 4 Formation of [PhEX2] & [PhEX4] salts (E = Se, Te; X = Cl, Br, I) 
from reactions of REX / REX3 with [Ph4P]X or Ph3PX2 
 
 170 
4.4 Raman spectroscopic data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] 
(where X = I, Br, Cl and E = Se, Te) compounds 
 
Whilst no reports of the Raman spectra of the [PhSeCl2]
- anion have been reported, there 
have been reports of the related PhSeX3 species. The Raman spectroscopic data for PhSeCl3 
published by Godfrey and co-workers220 displays three Se-Cl stretching vibrations at 302, 
333 and 372 cm-1 which are assigned to the ν(Se-Cl) symmetric and asymmetric stretching 
bands. The Raman spectrum for PhSeCl3 also displayed two peaks at 150 and 123 cm
-1 and 
these peaks were assigned to the Se-Cl bending modes. The Raman spectrum of PhSeBr3 
displays three ν(Se-Br) bands at 197, 216 and 286 cm-1, and one ν(Se-Ph) band at 248 cm-
1.220, 269, 278  
Wynne and Williams have reported the Raman spectroscopy of salts containing [ArTeI2]
- 
and [ArTeBrI]- anions.279 The Raman spectra of [(C6H5)3PCH3][2-C10H7TeI2], [(C6H5)3PCH3][p-
CH3OC6H4TeI2], [(C6H5)3PCH3][p-EtOC6H4TeI2] and [(C6H5)3PCH3][p-EtOC6H4TeIBr] displayed 
symmetric stretches at 124, 105, 96 and 103 cm-1 respectively, whilst the asymmetric 
stretches for [(C6H5)3PCH3][p-CH3OC6H4TeI2], [(C6H5)3PCH3][p-EtOC6H4TeI2] and [(C6H5)3PCH3] 
[p-EtOC6H4TeIBr] were observed at 144, 139 and 149 cm
-1 respectively. These observations 
were similar to the previously published Raman results for the T-shaped (CH3)2TeI2
280, so 
the authors postulated T-shaped geometries at the tellurium centre for these compounds.  
[PhTeCl4]
- and [PhTeBr4]
- were first synthesised and characterised via Raman spectroscopy 
by Wynne and co-workers.281 The Raman spectrum of [PhTeCl4]
- displayed the symmetric 
v(Te-Cl) band at 282 cm-1 and the asymmetric band at 250 cm-1. For [PhTeBr4]
- the 
symmetric and asymmetric v(Te-Br) bands were observed at 167 and 177  cm-1 
respectively. 
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The Raman spectroscopic data for [PhEX2]
- and [PhEX4]
- salts is shown in table 4.3. The E-X 
stretches are labelled with a grey key and compare well with the values described in the 
literature.220, 269, 278-281  
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Compound Raman / cm-1 
Reactions between Ph3PCl2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PCl][PhSeCl2] 3064, 3056, 1583, 1573, 1098, 998, 334, 263 
[Ph3PCl][PhSeBrCl] 3060, 1586, 1573, 1437, 1183, 1162, 1111, 1026, 1016, 998, 687, 615, 584, 327, 296, 257, 210, 187, 157 
[Ph3PCl][PhSeICl] 3059, 1587, 1161, 1095, 1025, 998, 687, 615, 589 
Reactions between Ph3PBr2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PBr][PhSeBr2] 3058, 1585, 1107, 1026, 996, 730, 687, 534, 433, 238, 193 
[Ph3PCl][PhSeBr2] 3056, 1582, 1184, 1159, 1111, 1097, 1086, 1026, 995 613, 582, 327, 257, 157 
[Ph3PBr][PhSeIBr] 3056, 1582, 1335, 1186, 1161, 1091, 1025, 997, 729, 686, 614, 539, 438, 250, 174, 150, 132 
Reactions between Ph3PI2 + PhEX (where E = Se, Te and X = I, Br, Cl) 
[Ph3PI][PhSeI2] 3054, 1582, 1162, 1091, 1062, 1025, 998, 614, 533, 515, 418, 247, 197, 143, 114 
[Ph3PBr][PhSeI2] 3056, 1589, 998, 172, 142, 117 
Reactions between Ph4PX + PhSeX (where X = I, Br, Cl) 
[Ph4P][PhSeCl2] 3061, 1585, 1574, 1185, 1161, 1097, 1071, 1026, 1000, 678, 615, 307, 283, 246, 200, 119 
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[Ph4P][PhSeBr2] 3059, 1584, 1573, 1437, 1184, 1161, 1107, 1097, 1068, 1026, 1000, 678, 615, 302, 283, 252, 205, 158 
[Ph4P][PhSeI2] 3052, 1585, 1433, 1188, 1159, 1098, 1026, 1000, 680, 614, 265, 248, 198, 117 
[Ph4P][PhSeICl] 3055, 1586, 1434, 1184, 1160, 1097, 1025, 999, 679, 615, 400, 256, 208, 144, 118 
[Ph4P][PhSeIBr] 3054, 1585, 1572, 1434, 1184, 1159, 1097, 1025, 1000, 679, 614, 279, 249, 198, 158, 134, 118 
[Ph4P][PhSeBrCl] 3060, 1585, 1573, 1437, 1184, 1161, 1180, 1097, 1069, 1026, 1000, 678, 615, 305, 283, 252, 201, 160. 
Reactions between Ph4PX + PhTeX (where X = I, Br, Cl) 
[Ph4P][PhTeCl2] 3060, 1583, 1436, 1183, 1160, 1094, 1026, 1015, 1000, 678, 615, 281, 248, 129 
[Ph4P][PhTeBr2] 3055, 1583, 1182, 1163, 1094, 1026, 1012, 1000, 677, 615, 279, 251, 164, 151 
 
Table 4.3: Raman data for [Ph3PX][PhEX2] and [Ph4P][PhEX2] (where X = I, Br, Cl and E = Se, Te) compounds 
 
Key: Ring C-H stretches, Aromatic C=C stretches, P-C asymmetric stretches, P-C symmetric stretches, P-X stretches and E-X stretches (where E = S, Te) 
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4.5 X-ray crystallography 
4.5.1 X-ray crystallographic structure of [Ph3PCl][PhSeCl2], 1 
Crystals of [Ph3PCl][PhSeCl2], 1 (monoclinic P21/c) were grown by layering diethyether over 
a solution of the product in dichloromethane. An ORTEP representation of the molecular 
structure of 1 (figure 4.3) and the selected bond lengths and angles for this structure (table 
4.4) are shown below. 
 
Figure 4.3: ORTEP representation of the molecular structure of [Ph3PCl][PhSeCl2] 
 
Bond Length (Å) Angle Angle (˚) 
Se1—C19 1.924(3) C19—Se1—Cl1 92.12(9) 
Se1—Cl1 2.3673(9) C19—Se1—Cl2 87.86(9) 
Se1—Cl2 2.5519(8) Cl1—Se1—Cl2 179.97(4) 
Cl3—P1 1.9916(11) C7—P1—Cl3 108.80(10) 
P1—C7 1.773(3) C13—P1—Cl3 108.21(11) 
Chapter 4 Formation of [PhEX2] & [PhEX4] salts (E = Se, Te; X = Cl, Br, I) 
from reactions of REX / REX3 with [Ph4P]X or Ph3PX2 
 
 175 
P1—C13 1.777(3) C1—P1—Cl3 107.90(11) 
P1—C1 1.780(3)   
Cl2...Cl3 3.6227(11)   
 
Table 4.4: Selected bond lengths and angles for [Ph3PCl][PhSeCl2] 
 
[Ph3PCl][PhSeCl2], 1 is an ionic structure featuring a weak Cl···Cl interaction of 3.6227(11) Å 
between the [Ph3PCl]
+ cation and the [PhSeCl2]
- anion. The [PhSeCl2]
- anion adopts a T-
shaped geometry with an almost linear Cl-Se-Cl angle of 179.97(4)°. The chlorine atoms 
occupy the pseudoaxial position and the C-Se-Cl1 and C-Se-Cl2 angles in this anion are 
92.19(9)° and 87.86(9)° respectively. This anion however exhibits a large difference 
between the two Se-Cl bond lengths. The Se-Cl1 bond length in this structure is 2.3673(9) Å 
and the Se-Cl2 bond length is 2.5519(8) Å. This Cl2 atom is also involved in the weak 
interaction with the [Ph3PCl]
+ cation. These lengths are different to those observed in the 
structure of [Cp*Rh(µ-SePh)3RhCp*][PhSeCl2] where the two Se-Cl bond lengths are 
2.430(2) and 2.476(2) Å respectively.271 The Se-Cl bond lengths in 1 are also different to the 
previously described Se-Cl bond lengths in [SeCl3]
- (2.463 and 2.417 Å)282 and in [NSeCl2]
- 
(2.425 Å)283 the only known anions of this type. The P-Cl bond length (1.9916(11) Å) for the 
cation is comparable to the P-Cl bonds for the ionic structures of Prn3PCl2 (1.980(3) Å)
103 
and Pri3PCl2 (2.002(1) Å).
105 
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4.5.2 X-ray crystallographic structure of [Ph3PO···H···OPPh3][PhSeBr2], 2 
The crystals of the hydrolysis products [Ph3PO···H···OPPh3][PhSeBr2], 2 (monoclinic, C2/c) 
were grown by layering diethylether over the solution of product ([Ph3PBr][PhSeBr2]) in 
dichloromethane. The ORTEP representation of the molecular structure of 2 is shown in 
figure 4.4 whilst the selected bond lengths and angles are shown in table 4.5. 
 
Figure 4.4: ORTEP representation of the molecular structure of [Ph3PO···H···OPPh3][PhSeBr2] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Se1 1.925(10) C1—Se1—Br1 90.96(3) 
C5—P1 1.798(6) Br1—Se1—Br1i 178.08(5) 
C11—P1 1.784(6) O1—P1—C11 110.2(3) 
C17—P1 1.796(6) O1—P1—C17 111.6(3) 
Se1—Br1 2.6151(8) O1—P1—C5 108.6(3) 
P1—O1 1.524(4) O1-H1-O1i 175.72 
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O1...H1 1.208   
 
Table 4.5: Selected bond lengths and angles for [Ph3PO···H···OPPh3][PhSeBr2] 
 
The hydrolysed crystals of [Ph3PO···H···OPPh3][PhSeBr2] were obtained during an attempt 
to crystallise [Ph3PBr][PhSeBr2]. Two Ph3PO units are linked to an hydrogen atom via weak 
O...H interactions of 1.208 Å, with an almost linear O-H-O angle of 175.72°. This compound 
exhibits no secondary interaction between the cation and the anion. The [PhSeBr2]
- anion 
displays a T-shaped geometry with a C-Se-Br angle of 90.96(3)° and an almost linear Br-Se-
Br angle of 178.08(5)°. The bromine atoms occupy the pseudoaxial position with a Se-Br 
bond length of 2.6151(8) Å, with both Se-Br bonds being equal due to the 
crystallographically imposed symmetry. This Se-Br bond length is considerably longer than 
that seen for the previously described bond lengths in the covalent structure of Ph4Se4Br4 
(2.390(2), 2.391(2), 2.381(2) and 2.381(2) Å)131 and the molecular / charge transfer 
structure of PhSeBr3 (2.3538(14), 2.3590(13) Å).
220 The PhSeBr3 structure also displays a 
Se···Br interaction of 3.0976(13) Å. 220 
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4.5.3 X-ray crystallographic structure of [Ph3PCl][PhSe(I/Cl)4], 3 
The crystals of [Ph3PCl][PhSe(I/Cl)4], 3 (monoclinic P21/c) were grown by layering 
diethylether over the solution of [Ph3PCl][PhSeI2] in dichloromethane. The ORTEP 
representation of the molecular structure of 3 (figure 4.5) and the selected bond lengths 
and angles are shown (table 4.6) below. 
 
 
Figure 4.5: ORTEP representation of the molecular structure of [Ph3PCl][PhSe(I/Cl)4] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Se1 1.974(9) C13—P1—Cl5 106.7(3) 
C7—P1 1.783(8) C7—P1—Cl5 108.0(3) 
C13—P1 1.764(11) C19—P1—Cl5 106.9(4) 
C19—P1 1.790(13) C1—Se1—Cl1 95.3(2) 
P1—Cl5 2.007(3) C1—Se1—Cl4 91.1(3) 
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Se1—Cl1 2.4555(16) Cl1—Se1—Cl4 91.22(7) 
Se1—Cl4 2.459(2) C1—Se1—Cl2 91.5(3) 
Se1—Cl2 2.467(2) Cl1—Se1—Cl2 88.68(6) 
Se1—Cl3 2.4925(19) Cl4—Se1—Cl2 177.31(7) 
  C1—Se1—Cl3 91.3(3) 
  Cl1—Se1—Cl3 172.92(6) 
  Cl4—Se1—Cl3 91.28(7) 
  Cl2—Se1—Cl3 88.51(7) 
 
Table 4.6: Selected bond lengths and angles for [Ph3PCl][PhSe(I/Cl)4] 
 
The structure of [Ph3PCl][PhSe(I/Cl)4], 3 is an example of ionic structure with no interaction 
between the cation and the anion. The P-Cl bond length of 2.007(3) Å in the [Ph3PCl]
+ 
cation is in line with the literature.103, 105 The [PhSe(I/Cl)4]
- anion exhibits a square 
pyramidal geometry and the iodine position in this atom has a dual occupancy with 
chlorine atom. The Se-(Cl/I) bond lengths in this anion are 2.4555(16), 2.459(2), 2.467(2) 
and 2.4925(19) Å. These bond lengths are similar to those observed for Se-Cl bond lengths 
in [SeCl3]
- (2.463 and 2.417 Å)282 and in [NSeCl2]
- (2.425 Å).283 The C-Se-Cl angles in this 
structure are 95.3(2), 91.1(3), 91.22(7), 91.5(3)°. 
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4.5.4 X-ray crystallographic structure of [Ph3PCl][PhSeBr2], 4  
Crystals of [Ph3PCl][PhSeBr2], 4 (monoclinic P21/n) were grown by layering diethylether 
over the solution of the product in dichloromethane. The ORTEP representation of the 
molecular structure of 4 (figure 4.6) along with selected bond lengths and angles (table 
4.7) are shown below. 
 
Figure 4.6: ORTEP representation of the molecular structure of [Ph3PCl][PhSeBr2] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Se1 1.933(7) C7—P1—Cl1 109.1(2) 
C7—P1 1.778(7) C13—P1—Cl1 109.0(2) 
C13—P1 1.782(7) C19—P1—Cl1 105.9(2) 
C19—P1 1.783(7) C1—Se1—Br1 91.8(2) 
Br1—Se1 2.5495(11) C1—Se1—Br2 89.0(2) 
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Br2—Se1 2.6526(11) Br1—Se1—Br2 177.11(4) 
Cl1—P1 2.043(2)   
 
Table 4.7: Selected bond lengths and angles for [Ph3PCl][PhSeBr2] 
 
The ionic structure of [Ph3PCl][PhSeBr2], 4 shows a secondary Cl1···Br1 interaction of 3.769 
Å between the cation and the anion. The P-Cl bond length (2.043(2) Å) in the [Ph3PCl]
+ 
cation is similar to that seen in structure 1 (1.9916(11) Å) and 3 (2.007(3) Å). The [PhSeBr2]
- 
anion adopts a T-shaped geometry with C-Se-Br angles of 91.8(2) and 89.0(2)°. The Br-Se-
Br angle in this structure is 177.11(4)°. The Se-Br bond lengths in this structure are 
2.5495(11) and 2.6526(11) Å. This is similar to that seen for structure 1 whereby there is 
one short and one long Se-X bond. This bond is comparable to the Se-Br bond length of 
2.6151(8) Å seen for 2.  
The crystals of [Ph3PCl][PhTeCl4], 5 (triclinic, P -1), [Ph3PBr][PhTeBr4], 6 (triclinic P -1) and 
[Ph3PI][PhTeI4], 7 (monoclinic P21/c) were grown by layering diethylether over the 
solutions of [Ph3PCl][PhTeCl2], [Ph3PBr][PhTeBr2] and [Ph3PI][PhTeI2] in dichloromethane. 
The ORTEP representations of the molecular structures of 5, 6 and 7 are shown in figures 
4.7, 4.8 and 4.9 whilst the selected bond lengths and angles are shown in tables 4.8, 4.9 
and 4.10 respectively.     
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4.5.5 X-ray crystallographic structure of [Ph3PCl][PhTeCl4], 5 
 
 
Figure 4.7: ORTEP representation of the molecular structure of [Ph3PCl][PhTeCl4] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.139(12) C13—P1—Cl9 108.5(4) 
C7—Te2 2.120(11) C19—P1—Cl9 108.0(4) 
C13—P1 1.781(11) C25—P1—Cl9 107.2(4) 
C19—P1 1.786(11) C43—P2—Cl10 107.9(4) 
C25—P1 1.795(11) C37—P2—Cl10 107.4(4) 
C31—P2 1.783(11) C31—P2—Cl10 109.0(4) 
C37—P2 1.779(10) C1—Te1—Cl1 90.3(3) 
C43—P2 1.778(11) C1—Te1—Cl4 88.0(3) 
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P1—Cl9 1.992(4) Cl1—Te1—Cl4 91.80(10) 
P2—Cl10 1.997(4) C1—Te1—Cl2 88.7(3) 
Cl1—Te1 2.493(3) Cl1—Te1—Cl2 88.99(10) 
Cl2—Te1 2.523(3) Cl4—Te1—Cl2 176.64(9) 
Cl3—Te1 2.538(3) C1—Te1—Cl3 87.8(3) 
Cl4—Te1 2.520(3) Cl1—Te1—Cl3 177.15(10) 
Cl5—Te2 2.524(3) Cl4—Te1—Cl3 90.25(10) 
Cl6—Te2 2.541(3) Cl2—Te1—Cl3 88.85(9) 
Cl7—Te2 2.522(3) C7—Te2—Cl8 90.2(3) 
Cl8—Te2 2.492(3) C7—Te2—Cl7 88.6(3) 
  Cl8—Te2—Cl7 89.04(10) 
  C7—Te2—Cl5 88.1(3) 
  Cl8—Te2—Cl5 91.70(10) 
  Cl7—Te2—Cl5 176.63(9) 
  C7—Te2—Cl6 87.9(3) 
  Cl8—Te2—Cl6 177.23(10) 
  Cl7—Te2—Cl6 88.89(9) 
  Cl5—Te2—Cl6 90.27(9) 
 
Table 4.8: Selected bond lengths and angles for [Ph3PCl][PhTeCl4] 
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4.5.6 X-ray crystallographic structure of [Ph3PBr][PhTeBr4], 6 
 
Figure 4.8: ORTEP representation of the molecular structure of [Ph3PBr][PhTeBr4] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.140(13) C13—P1—Br5 108.6(4) 
C7—P1 1.774(13) C19—P1—Br5 107.9(4) 
C13—P1 1.767(13) C7—P1—Br5 108.0(4) 
C19—P1 1.775(12) C1—Te1—Br4 88.5(3) 
Br1—Te1 2.6964(14) C1—Te1—Br3 89.5(3) 
Br2—Te1 2.7089(15) Br4—Te1—Br3 90.20(5) 
Br3—Te1 2.6840(15) C1—Te1—Br1 89.5(3) 
Br4—Te1 2.6658(15) Br4—Te1—Br1 90.27(5) 
Br5—P1 2.176(3) Br3—Te1—Br1 178.90(5) 
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  C1—Te1—Br2 89.7(3) 
  Br4—Te1—Br2 177.96(5) 
  Br3—Te1—Br2 90.72(5) 
  Br1—Te1—Br2 88.78(4) 
 
Table 4.9: Selected bond lengths and angles for [Ph3PBr][PhTeBr4] 
 
4.5.7 X-ray crystallographic structure of [Ph3PI][PhTeI4], 7 
 
Figure 4.9: ORTEP representation of the molecular structure of [Ph3PI][PhTeI4]  
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.23(2) C13—P1—I5 111.8(7) 
C7—P1 1.85(2) C19—P1—I5 108.9(7) 
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C13—P1 1.790(19) C7—P1—I5 108.1(8) 
C19—P1 1.82(2) C1—Te1—I3 91.4(5) 
I1—Te1 3.021(2) C1—Te1—I4 94.4(5) 
I2—Te1 2.991(2) I3—Te1—I4 88.99(6) 
I3—Te1 2.877(2) C1—Te1—I2 88.6(5) 
I4—Te1 2.880(2) I3—Te1—I2 88.10(6) 
I5—P1 2.389(6) I4—Te1—I2 175.87(7) 
  C1—Te1—I1 86.7(5) 
  I3—Te1—I1 175.36(7) 
  I4—Te1—I1 86.94(6) 
  I2—Te1—I1 96.07(6) 
 
Table 4.10: Selected bond lengths and angles for [Ph3PI][PhTeI4] 
 
Organotellurenyl halides [ArTeX4]
- (where X = Cl, Br, I) are well known in the literature273-275, 
284, 285, with the anions forming polymeric chains or oligomeric structures featuring a wide 
range of counter cations. Structures 5, 6 and 7 are all ionic featuring the [PhTeX4]
- anions 
but these anions feature no secondary Te···X or X···X interaction and hence do not form 
polymeric or oligomeric structures. [Ph3PCl][PhTeCl4], 5 displays two molecules in one unit 
cell. The [PhTeCl4]
- anion displays square pyramidal geometry with C-Te-Cl angles of 
88.7(3)-91.80(10)°. The Te-Cl bond lengths in the anions range between 2.492(3)-2.541(3) 
Å,  and are similar to the Te-Cl bond lengths in [Ph3PNPPh3][PhTeCl4] (2.497(2)-2.539(2) 
Å)276 and [Te(C6H5)(CH3)2Te][PhTeCl4] (2.5003(7)-2.5442(7) Å).
274 The P-Cl bond lengths in 
the [Ph3PCl]
+ cations are 1.992(4) and 1.997(4) Å and are similar to those seen for 1, 3 and 
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4. The [PhTeBr4]
- and [PhTeI4]
- anions in structures 6 and 7 are square pyramidal with C-Te-
Br and C-Te-I angles of (88.5(3)-89.7(3)°) and (86.7(1)-94.4(5)°) respectively. The Te-Br 
bond lengths of 2.6964(14), 2.7089(15), 2.6840(15) and 2.6658(15) Å in 6 are similar to 
those seen in [Te(C6H5)(CH3)2Te][PhTeBr4], where the Te-Br bond lengths lie in the 
2.6906(7)-2.7239(7) Å range.274 The P-Br bond length in the [Ph3PBr] cation is 2.176(3) Å 
which is similar to that seen for P-Br bond lengths in Ph3PBr2 (2.181(3) Å), Pr
i
3PBr2 (2.185(3) 
Å) and (Et3)3PBr2 (2.173(3) Å). 
105, 107, 111 The Te-I bond lengths for the [PhTeI4]
- anion in 7 
are 3.021(2), 2.991(3), 2.877(3) and 2.880(2) Å which are similar to Te-I bond lengths seen 
for the structure of [Te(C6H5)(CH3)2Te][PhTeI4] where the Te-I bond lengths lie in the 
2.8845(5)-2.9859(5) Å  range. The P-I bond length of 2.389(6) Å for the [Ph3PI]
+ cation in 
[Ph3PI][PhTeI4] is in accord with the literature. 
121, 122, 125, 236 
Crystals of [Ph4P][PhSeCl2], 8 (triclinic, C2/c) and [Ph4P][PhSeBr2].CH2Cl2, 9 (triclinic P-1) 
were grown by layering diethyl ether over the solutions of the products in 
dichloromethane. ORTEP representations of the molecular structures of 8 and 9 are shown 
in figures 4.10 and 4.11 whilst the selected bond lengths and angles are shown in tables 
4.11 and 4.12 respectively. 
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4.5.8 X-ray crystallographic structure of [Ph4P][PhSeCl2], 8 
 
Figure 4.10: ORTEP representation of the molecular structure of [Ph4P][PhSeCl2] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Se1 1.915(8) C25—P1—C13 108.3(4) 
C7—P1 1.791(8) C25—P1—C7 109.8(4) 
C13—P1 1.786(9) C13—P1—C7 113.5(4) 
C19—P1 1.805(9) C25—P1—C19 109.6(4) 
C25—P1 1.775(8) C13—P1—C19 107.4(4) 
Cl1—Se1 2.508(2) C7—P1—C19 108.3(4) 
Cl2—Se1 2.429(2) C1—Se1—Cl2 92.1(2) 
  C1—Se1—Cl1 90.5(2) 
  Cl2—Se1—Cl1 176.51(9) 
 
Table 4.11: Selected bond lengths and angles for [Ph4P][PhSeCl2] 
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[Ph4P][PhSeCl2], 8 is an ionic structure with a [PhSeCl2]
- moiety as the anion and [Ph4P]
+ as 
the counter cation. [PhSeCl2]
- displays a T-shaped geometry with C-Se-Cl angles of 90.5(2) 
and 92.1(2)°. The Cl-Se-Cl angle in this anion is 176.51(9)°. The Se-Cl bond lengths in this 
structure are 2.429(2) and 2.508(2) Å. Although a lengthening of one Se-Cl bond is 
observed these lengths are comparable to Se-Cl bond lengths in [SeCl3]
- (2.463 and 2.417 
Å)282 and in [NSeCl2]
- (2.425 Å).283  
 
4.5.9 X-ray crystallographic structure of [Ph4P][PhSeBr2].CH2Cl2, 9 
 
Figure 4.11: ORTEP representation of the molecular structure of [Ph4P][PhSeBr2].CH2Cl2 
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Bond Length (Å) Angle Angle (˚) 
C1—Se1 1.928(9) C19—P1—C13 113.6(4) 
C7—P1 1.798(8) C19—P1—C7 108.8(4) 
C13—P1 1.796(8) C13—P1—C7 108.2(4) 
C19—P1 1.791(8) C19—P1—C25 107.3(4) 
C25—P1 1.810(8) C13—P1—C25 109.0(4) 
Br1—Se1 2.5898(15) C7—P1—C25 110.0(4) 
Br2—Se1 2.5650(17) C1—Se1—Br2 90.4(3) 
  C1—Se1—Br1 92.0(3) 
  Br2—Se1—Br1 177.66(5) 
 
Table 4.12: Selected bond lengths and angles for [Ph4P][PhSeBr2].CH2Cl2 
 
The ionic structure of [Ph4P][PhSeBr2], 9 has crystallised with a non interacting molecule of 
dichloromethane. The [PhSeBr2]
- anion adopts a T-shaped geometry with C-Se-Br angles of 
90.4(3) and 92.0(3)° and an almost linear Br-Se-Br angle of 177.66(5)°. The Br-Se bond 
lengths of 2.5650(17) and 2.5898(15) are comparable to those seen in 2 (2.6151(8) Å) and 
4 (2.5495(11) and 2.6526(11) Å). 
The crystals of [Ph4P][PhTeCl4], 10 (monoclinic P21/c), [Ph4P][PhTeBr4], 11 (monoclinic 
P21/c) and [Ph4P][PhTeI2], 12 (monoclinic P21/n) were grown by layering diethylether over 
the solutions of [Ph4P][PhTeCl2], [Ph4P][PhTeBr2] and [Ph4P][PhTeI2] in dichloromethane. 
The ORTEP representations of the molecular structures of 10, 11 and 12 are shown in 
figures 4.12, 4.13 and 4.14 whilst the selected bond lengths and angles are shown in tables 
4.13, 4.14 and 4.15 respectively. 
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4.5.10 X-ray crystallographic structure of [Ph4P][PhTeCl4], 10 
 
Figure 4.12: ORTEP representation of the molecular structure of [Ph4P][PhTeCl4] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.148(9) C19—P1—C7 107.7(4) 
C7—P1 1.781(9) C19—P1—C25 111.2(5) 
C13—P1 1.805(10) C7—P1—C25 107.4(4) 
C19—P1 1.773(10) C19—P1—C13 111.5(5) 
C25—P1 1.792(10) C7—P1—C13 110.1(4) 
Cl1—Te1 2.540(2) Cl4—Te1—Cl3 88.74(8) 
Cl2—Te1 2.530(2) C1—Te1—Cl2 88.6(2) 
Cl3—Te1 2.500(2) Cl4—Te1—Cl2 177.52(8) 
Cl4—Te1 2.493(2) Cl3—Te1—Cl2 90.42(8) 
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  C1—Te1—Cl1 88.1(3) 
  Cl4—Te1—Cl1 90.26(8) 
  Cl3—Te1—Cl1 176.13(8) 
  Cl2—Te1—Cl1 90.42(7) 
 
Table 4.13: Selected bond lengths and angles for [Ph4P][PhTeCl4] 
 
4.5.11 X-ray crystallographic structure of [Ph4P][PhTeBr4], 11 
 
Figure 4.13: ORTEP representation of the molecular structure of [Ph4P][PhTeBr4] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.151(8) C13—P1—C7 110.5(4) 
C7—P1 1.794(9) C13—P1—C19 108.4(4) 
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C13—P1 1.788(8) C7—P1—C19 111.7(4) 
C19—P1 1.796(8) C13—P1—C25 108.2(4) 
C25—P1 1.797(8) C7—P1—C25 107.8(4) 
Br1—Te1 2.6475(10) C19—P1—C25 110.2(4) 
Br2—Te1 2.6645(10) C1—Te1—Br1 90.7(2) 
Br3—Te1 2.7389(10) C1—Te1—Br2 88.7(2) 
Br4—Te1 2.6912(10) Br1—Te1—Br2 88.75(3) 
  C1—Te1—Br4 88.6(2) 
  Br1—Te1—Br4 89.56(3) 
  Br2—Te1—Br4 176.80(3) 
  C1—Te1—Br3 87.9(2) 
  Br1—Te1—Br3 178.50(3) 
  Br2—Te1—Br3 91.82(3) 
  Br4—Te1—Br3 89.81(3) 
 
Table 4.14: Selected bond lengths and angles for [Ph4P][PhTeBr4] 
 
[Ph4P][PhTeCl4], 10 and [Ph4P][PhTeBr4], 11 are both ionic structures with the anions 
adopting a square pyramidal geometry in both cases. The [PhTeCl4]
- anion in structure 10 
has C-Te-Cl angles of 88.1(3)-91.0(3)° and Te-Cl bond lengths of 2.493(2), 2.500(2), 2.530(2) 
and 2.540(2) Å. The Te-Cl bond lengths in 10 are similar to those seen for the Te-Cl lengths 
in the [PhTeCl4]
- anion of 5 (2.492(3)-2.541(3) Å), and are also comparable to the Te-Cl 
bond lengths in [Ph3PNPPh3][PhTeCl4] (2.497(2)-2.539(2) Å)
276 and   
[Te(C6H5)(CH3)2Te][PhTeCl4] (2.5003(7)-2.5442(7) Å).
274 The Te-Br bond lengths in the 
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[PhTeBr4] anion of 11 are 2.6912(10), 2.6645(10), 2.6912(10) and 2.7389(10) Å. The Te-Br 
lengths are similar to those seen for the [PhTeBr4]
- anion in 6 and are also comparable to 
the Te-Br bond lengths in [Te(C6H5)(CH3)2Te][PhTeBr4], where the Te-Br bond lengths lie in 
the 2.6906(7)-2.7239(7) Å range.274 
 
4.5.12 X-ray crystallographic structure of [Ph4P][PhTeI2], 12 
 
Figure 4.14: ORTEP representation of the molecular structure of [Ph4P][PhTeI2] 
 
Bond Length (Å) Angle Angle (˚) 
C1—Te1 2.121(18) C19—P1—C7 107.8(8) 
C7—P1 1.802(18) C19—P1—C13 111.9(9) 
C13—P1 1.810(16) C7—P1—C13 107.4(8) 
C19—P1 1.780(17) C19—P1—C25 109.4(9) 
C25—P1 1.832(17) C7—P1—C25 110.7(8) 
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Te1—I2 2.9422(16) C13—P1—C25 109.7(8) 
Te1—I1 2.9639(16) C1—Te1—I2 88.2(5) 
  C1—Te1—I1 90.2(5) 
  I2—Te1—I1 177.77(6) 
 
Table 4.15: Selected bond lengths and angles for [Ph4P][PhTeI2]  
 
[Ph4P][PhTeI2], 12 is an example of an ionic structure featuring a T-shaped [PhTeI2]
- anion. 
The C-Te-I angles in this anion are 88.2(5) and 90.2(5)° and a fairly linear I-Te-I angle of 
177.77(6)°. The Te-I bond lengths in this anion are 2.9422(16) and 2.9639(16) Å which are 
comparable to the Te-I bond lengths (2.9634(13) and 2.9456(14) Å) in the structure of 
tetraphenylarsonium diiodophenyltellurate.272 
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4.6 Conclusion 
 
Salts of the type [Ph3PX]X or [Ph4P]X can react with REX or REX3 (E = Se / Te) to form 
species with either T-shaped [REX2]
- or square pyramidal [REX4]
- anions. These anions 
adopt the structure predicted by the VSEPR theory but unlike other related anions like 
[SeX3]
- do not dimerise via weaker secondary E-X bonds. When reaction are performed in a 
“one pot” reaction the oxidation state of the anion produced depends on the nature of E 
and X, with anion in +4 oxidation being more stable for tellurium than selenium, and also 
much more likely with a lighter more highly oxidising halogens.  
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5.1 Introduction 
 
The reactions of tertiary phosphine chalcogenides, R3PE (E = S, Se, Te) with dihalogens 
were first reported by Zingaro and co-workers in the 1960’s.133-137 Since then, a number of 
reports have shown that the adducts formed from these reactions show considerable 
structural diversity. The motif adopted by a particular adduct has been shown to be 
dependent on the identity of the halogen, the group 16 donor atom, the R groups bound to 
phosphorus, and in some cases, the solvent of preparation. Typically, the adducts formed 
exhibit one of two structural types, viz. a T-shaped geometry at the chalcogen atom, figure 
5.1(i), formed by oxidative addition of the halogen, or a charge-transfer (CT) spoke adduct, 
figure 5.1(ii). 
 
E
X
X
P
R
R
R
E I IP
R
R
R
(i) (ii)  
Figure 5.1: Structural isomers for R3PEX2 (E = S, Se, and Te) compounds; (i): T-shaped 
motif, (ii): Charge-Transfer “molecular spoke” adduct. 
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5.2 Synthesis and structures of phosphine chalcogenides 
 
The reaction of (p-FC6H4)3P with elemental selenium powder in refluxing toluene yields the 
phosphine selenide (p-FC6H4)3PSe, 1 in 86% yield, and the analogous reaction with sulfur 
yields the corresponding phosphine sulfide (p-FC6H4)3PS, 2 in 77% yield, according to 
equation 5.1. 
(p-FC6H4)3P (p-FC6H4)3PE
(E = Se 1, S 2)
(p-FC6H4)3PEI2
(E = Se 3, S 4)
E, toluene I2, Et2O
 
Equation 5.1: Synthesis of (p-FC6H4)3PEI2 (E = Se, S) 
These reactions were followed by 31P{1H} NMR spectroscopy with the resonance of the 
starting phosphine, (p-FC6H4)3P (P: – 8.8)
253 being replaced in both cases by resonances at 
higher frequencies (P: 33.6 for 1 and 42.2 for 2). These resonances correlate well with 
previously reported shifts for 1 and 2.253, 286, 287 Additionally, the resonance for 1 displays 
satellites as a result of coupling to the spin active 77Se nucleus (I = ½, 7.6% abundance). The 
magnitude of the coupling, 1J(SeP) = 741 Hz, is consistent with previously reported data,253, 
286, 287 and correlates with the coupling observed on the doublet resonance at –246.1 ppm 
in the 77Se{1H} NMR spectrum of 1. Although compounds 1 and 2 have been previously 
reported,253, 286, 287 only spectroscopic data has appeared, therefore the materials were 
recrystallised in order to obtain structural information. Crystals of 1 and 2 were grown by 
slow evaporation of dichloromethane / hexane layered solutions of the compounds. The 
structures of 1 and 2 are shown in figures 5.2 and 5.3 respectively, along with selected 
bond lengths and angles shown in tables 5.1 for 1 and 5.2 for 2. 
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Figure 5.2: ORTEP representation of the molecular structure of (p-FC6H4)3PSe 
 
Bond Length (Å) Angle Angle (˚) 
Se1–P1 2.1100(13) Se1–P1–C1 111.85(14) 
Se2–P2 2.1115(12) Se1–P1–C7 113.60(14) 
C4–F1 1.363(7) Se1–P1–C13 113.40(14) 
C10–F2 1.361(7) Se2–P2–C19 112.60(14) 
C16–F3 1.356(7) Se2–P2–C25 112.63(14) 
C22–F4 1.367(6) Se2–P2–C31 113.79(14) 
C28–F5 1.365(7)   
C34–F6 1.359(6)   
 
Table 5.1: Selected bond lengths and angles for (p-FC6H4)3PSe 
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Figure 5.3: ORTEP representation of the molecular structure of (p-FC6H4)3PS 
 
Bond Length (Å) Angle Angle (˚) 
P1–S1 1.9540(9) S1–P1–C1 113.29(8) 
C4–F1 1.358(3) S1–P1–C7 113.27(8) 
C10–F2 1.362(3) S1–P1–C13 113.59(8) 
C16–F3 1.362(4)   
 
Table 5.2: Selected bond lengths and angles for (p-FC6H4)3PS 
 
(p-FC6H4)3PSe, 1 (monoclinic, P21/c), crystallises with two independent molecules in the 
asymmetric unit, whilst in contrast (p-FC6H4)3PS, 2 (monoclinic, P21/n), crystallises with just 
one molecule present. The P=Se bond lengths in the two molecules of 1 are essentially 
identical, P(1)–Se(1): 2.1100(13) Å, Se(2)–P(2): 2.1115(12) Å. These values are slightly 
longer than is typically observed for Ar3PSe systems, for example the P=Se bond in Ph3PSe 
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is 2.106(1) Å.288 This slight increase in the P=Se bond length is in contrast to other reported 
phosphine selenides containing partially fluorinated aryl groups where the P=Se bonds are 
usually shorter than Ph3PSe, for example, (m-CF3C6H4)3PSe, d(P=Se): 2.094(2) Å,
289 (p-
CF3C6H4)3PSe, d(P=Se): 2.100(1) Å, (3,5-(CF3)2C6H3)3PSe, d(P=Se): 2.085(1) Å.
253 Indeed, 
Malito and Alyea have previously described an inverse correlation whereby the P=Se in 
Ar3PSe systems decreases with an increase in the 
1J(PSe) coupling.287 Compound 1 does not 
fit this trend, as the 1J(PSe) coupling of 741 Hz (compared with a 1J(PSe) coupling of 729 Hz 
for Ph3PSe)
287 would suggest that a decrease should be observed in the P=Se bond length 
for 1 compared with that of Ph3PSe. It should be noted however that the P=Se bond length 
falls over a fairly small range for all the reported Ar3PSe structures. The P=S bond in 
compound 2, [P(1)–S(1): 1.9540(9) Å] also shows a slight lengthening when compared to 
other R3PS systems, e.g. Ph3PS, d(P=S): 1.950(3) Å,
290 and (o-CH3C6H4)3PS, d(P=S): 1.947(4) 
Å.291 
One difference between the two structures is in the orientation of the aryl rings. In 2 a 
near propeller orientation is observed, with S–P–Ci–Co torsion angles of –49.9(2), –
47.7(2) and –39.9(2), whilst in 1 both molecules display a conformation where the rings 
are all twisted in the same direction, although one ring is twisted to a greater degree than 
the other two. The Se–P–Ci–Co torsion angles for molecule 1 are 67.4(4), 16.3(4) and 
23.7(5), whilst for the second molecule they are –71.0(4), –24.8(4) and –21.4(4). 
 
5.3 Synthesis and structures of diiodine adducts 
 
Compounds 1 and 2 were reacted in a 1:1 ratio with diiodine to form the adducts (p-
FC6H4)3PSeI2, 3 and (p-FC6H4)3PSI2, 4 respectively, see equation 1. The 
31P{1H} NMR spectra 
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of these adducts exhibited, in both cases, a resonance shifted slightly to higher frequencies 
when compared with the starting phosphine chalcogenide, i.e., P changes from 33.6 ppm 
(1) to 44.5 ppm (3), and from 42.2 ppm (2) to 47.5 ppm (4). Due to the poor solubility of 
these adducts in a variety of deuterated solvents we were unable to resolve any selenium 
satellites in the 31P{1H} NMR spectrum of 3, and were also unable to obtain a 77Se{1H} NMR 
spectrum of this adduct. Microanalytical results showed that both 3 and 4 analyse to a 1:1 
ratio of phosphine chalogenide:iodine. Formation of the 1:1 adduct is particularly 
surprising in the case of 4, in view of the weak nature of the 1:1 adduct Ph3PSI2.
154, 155 The 
1:1 adduct formed between (p-FC6H4)3PS and diiodine would be expected to be even 
weaker in view of the less basic character of (p-FC6H4)3PS compared with Ph3PS. Crystals of 
3 and 4 were both grown from dichloromethane : ether solutions of the compounds. The 
structure of 3 is shown in figure 5.4, along with selected bond lengths and angles in table 
5.3.  
 
Figure 5.4: ORTEP representation of the molecular structure of (p-FC6H4)3PSeI2 
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Bond Length (Å) Angle Angle (˚) 
Se1–I1 2.8153(12) Se1–I1–I2 178.17(2) 
Se2–I3 2.8198(12) Se2–I3–I4 178.02(2) 
I1–I2 2.8888(12) P1–Se1–I1 100.03(5) 
I3–I4 2.8950(11) P2–Se2–I3 100.66(5) 
Se1–P1 2.1659(18) Se1–P1–C1 112.1(2) 
Se2–P2 2.1673(18) Se1–P1–C7 108.9(2) 
C4–F4 1.374(8) Se1–P1–C13 113.57(18) 
C10–F10 1.378(9) Se2–P2–C19 111.8(2) 
C16–F16 1.323(9) Se2–P2–C25 107.5(2) 
C22–F22 1.361(8) Se2–P2–C31 114.23(18) 
C28–F28 1.376(9)   
C34–F34 1.385(9)   
 
Table 5.3: Selected bond lengths and angles for (p-FC6H4)3PSeI2 
 
The structure of (p-FC6H4)3PSeI2, 3 (orthorhombic, Pca21), contains two independent 
molecules within the unit cell, both of which exhibit a 1:1 CT system, with a linear Se–I–I 
angle typical of the molecular spoke adducts. The Se–I–I angles in both molecules are close 
to 180; Se(1)–I(1)–I(2): 178.17(2), Se(2)–I(3)–I(4): 178.02(2). The I–I distances display 
some variation between the two molecules, I(1)–I(2): 2.8888(12), I(3)–I(4): 2.8950(11) Å, as 
do the Se–I distances, Se(1)–I(1): 2.8153(12), Se(2)–I(3): 2.8198(12) Å, with one of the 
molecules [that based on Se(1)], showing both  shorter I–I and Se–I bonds than the other. 
The Se–I and I–I distances have been compared with the small number of previously 
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reported R3PSeI2 structures. The I–I distances in 3 are considerably shorter than is observed 
in trialkyl or tris(alkylamino) substituted R3PSeI2 systems, such as (Et2N)3PSeI2, where the I–
I bond is 2.985(2) Å.145 This is expected as the weaker donor power of (p-FC6H4)3PSe 
compared to these ligands will result in a weaker Se–I bond and a stronger I–I bond. The I–I 
bonds in 3 would also be expected to be shorter than observed for Ph3PSeI2, d(I–I) = 
2.881(2) Å,145 as (p-FC6H4)3PSe is also a weaker donor than Ph3PSe, however, contrary to 
expectations the I–I bonds in 3 are longer than in Ph3PSeI2. The Se–I bonds in 3 are slightly 
longer than the Se–I distance of 2.803(3) Å observed for Ph3PSeI2, which is consistent with 
the weaker donating ability of (p-FC6H4)3PSe. The P–Se–I angles, [P(1)–Se(1)–I(1): 
100.03(5), P(2)–Se(2)–I(3): 100.66(5)] are less than the idealised angle of 109.5 
expected for a pseudo-tetrahedral arrangement around the selenium atom (taking into 
account the lone pairs). More significantly, the P–Se–I angles in 3 are more acute than that 
of 106.0(1) observed for Ph3PSeI2, although P–Se–I angles of 99.6(2) and 101.2(2) were 
observed in (Me2N)3PSeI2.
145 This deviation in the P–Se–I angle is probably due to a 
combination of repulsion from the lone pairs and the retention of partial double bond 
character in the P–Se bond. A comparison of the P–Se bonds in 3 [P(1)–Se(1): 2.1659(18), 
P(2)–Se(2), 2.1673(18) Å] with that of 2.1100(13) Å observed for 1 confirm the lengthening 
of the P–Se bond upon adduct formation. However, the P–Se bond is considerably shorter 
than observed for compounds with P–Se single bonds, for example [Cy3PSePh]Br, where 
the P–Se bond is 2.2260(16) Å,131 and P4Se3 which has an average P–Se bond length of 
2.24(1) Å.292 The P–Se bonds in 3 are slightly longer than that of 2.156(4) Å observed for 
Ph3PSeI2.
145 
The partial double bond character of the P–Se bonds in 3 is consistent with observations 
for other R3PSeI2 systems,
145 and is reflected in the shifting of the (P–Se) band of the IR 
spectra of 3, where the (P–Se) is observed at 532 cm-1 compared with the (P–Se) band at 
Chapter 5 Phosphine Chalcogenides and their 
diiodine adducts 
 
 206 
552 cm-1 for the parent phosphine selenide 1. The (P–Se) band is shifted to a value 
intermediate between the P=Se values observed for phosphine selenides and (P–Se) 
bands for P–Se single bond species which are typically found at lower frequencies, such as 
517 cm-1 for Cy3PSeBr2 
141 and 450 cm-1 for [Cy3PSePh]I.
118  
Orange crystals of (p-FC6H4)3PSI2, 4 were obtained, (monoclinic, P21/c); which also feature 
two independent molecules in the asymmetric unit as was observed for 3, although the 
two structures are not isomorphous. The molecular structure of 4 is shown in figure 5.5, 
along with selected bond lengths and angles shown in table 5.4. 
 
 
 
Figure 5.5: ORTEP representation of the molecular structure of (p-FC6H4)3PSI2 
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Bond Length (Å) Angle Angle (˚) 
S1–I1 2.787(5) S1–I1–I2 177.88(10) 
S2–I3 2.792(6) S2–I3–I4 178.94(9) 
I1–I2 2.8042(17) P1–S1–1 102.9(2) 
I3–I4 2.835(2) P2–S2–I3 100.4(3) 
P1–S1 1.997(6) S1–P1–C1 110.3(6) 
P2–S2 1.984(5) S1–P1–C7 115.0(5) 
C4–F1 1.35(2) S1–P1–C13 111.9(7) 
C10–F2 1.29(3) S2–P2–C19 112.4(5) 
C16–F3 1.319(19) S2–P2–C25 109.4(6) 
C22–F4 1.39(2) S2–P2–C31 111.6(8) 
C28–F5 1.37(2)   
C34–F6 1.38(2)   
 
Table 5.4: Selected bond lengths and angles for (p-FC6H4)3PSI2 
 
The structure of 4 is thus confirmed as the 1:1 diiodine adduct of (p-FC6H4)3PS, with both of 
the molecules showing the expected linear S–I–I motif, S(1)–I(1)–I(2): 177.88(10), S(2)–
I(3)–I(4): 178.94(9). The I–I distances in the two molecules are significantly different, I(1)–
I(2): 2.8042(17) Å, I(3)–I(4): 2.835(2) Å. These values are consistent with the range of I–I 
distances observed for other R3PSI2 compounds, although the expected decrease in the I–I 
distances seen in 4 (compared to Ph3PSI2) is not consistently observed, with one of the I–I 
bonds in 4 being longer, and the other shorter, than was observed for Ph3PSI2, d(I–I): 
2.8230(11) Å.146 The reason for the large variation in the I–I bonds of 4 is unclear as there 
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are no significant packing interactions to account for the differences. The S–I bond lengths 
of 2.787(5) and 2.792(6) Å in 4 are longer than that of 2.753(2) Å in Ph3PSI2,
146 and 
therefore do follow the expected trend. The P–S bonds in 4 [P(1)–S(1): 1.997(6), P(2)–S(2): 
1.984(5) Å], are lengthened with respect to the free phosphine sulfide 2, where the P–S 
bond was 1.9540(9) Å. These findings are consistent with the elongation observed in the 
analogous phosphine selenide system 3, and once more partial retention of double bond 
character is observed, as the P–S bonds are shorter than observed for P–S single bonded 
species, such as [Ph3PSPh][ClO4] and [Ph3PSCH2C6H5][ClO4], which have P–S bonds of 
2.074(2) and 2.050(1) Å respectively.293 The reduction in the magnitude of the P–S bond is 
again reflected in the IR spectrum where the (P–S) band of 4 (571 cm-1) is again shifted to 
lower frequencies compared with the phosphine sulfide 2 (632 cm-1). The P–S–I angles in 
the two molecules are 102.9(2) and 100.4(3) and are considerably shorter than the P–S–I 
angle of 108.78(7) in Ph3PSI2. The I–I spoke is therefore held closer to the aryl rings in one 
of the molecules than the other which may explain the large variation in the I–I distances 
between the two molecules, and this may be acting in competition with electronic 
arguments which would have predicted a shorter I–I bond than observed for Ph3PSI2. 
The conformation of the aryl rings are similar in both 3 and 4, but differ slightly to that 
seen for 1 and 2. The rings are in all cases twisted in the same direction, but with one of 
the rings twisted less than the other two. The Se–P–Ci–Co torsion angles for 3 are –44.0(6), 
–51.7(5) and –13.4(6) for molecule 1 and 51.4(6), 43.4(6) and 14.1(7) for molecule 2. 
The S–P–Ci–Co torsion angles for 4 are –38.7(16), –9.5(13) and –45.7(17) for molecule 1, 
and 10.3(18), 53.4(15) and 38.0(18) for molecule 2. The different conformations 
observed for the aryl rings in these four structures suggest that no particular conformation 
is energetically preferred for the p-FC6H4 rings in these systems. 
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5.4 Conclusion 
 
The introduction of fluorine in the para-positions in Ar3PEI2 (E = S, Se) systems appears to 
have only a minor effect on the I–I bonds in these charge-transfer adducts. Both (p-
FC6H4)3PSe and (p-FC6H4)3PS react with diiodine to form 1:1 adducts, but the expected 
shortening of the I–I bonds in these compounds relative to their non-fluorinated 
counterparts is not consistently observed. It is not easy to rationalise these observations 
on the basis of electronic arguments, although both (p-FC6H4)3PSeI2 and (p-FC6H4)3PSI2 
display more acute P–E–I angles than the non-fluorinated Ph3PEI2 (E = S, Se). The narrowing 
of this angle holds the dihalogen part of the molecule closer to the aryl rings than in 
Ph3PEI2, and this may be responsible for the inconsistency of the I–I bonds and may explain 
why a more pronounced shortening of the I–I bond is not observed.  
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6 Conclusion 
 
A range of tertiary aryl phosphines R3P (R = o-tolyl, m-tolyl, p-tolyl, o-anisyl, m-anisyl, p-
anisyl, o-thioanisyl, p-thioanisyl, p-chlorophenyl, p-fluorophenyl and mesityl groups) have 
been reacted with halogens (X = Cl, Br and I) in a 1:1 and 2:1 stoichiometric ratios to form 
compounds with the general formula R3PX2 and R3PX4. R3PX2 (where X = I) can be described 
as molecular CT adducts with a linear P-I-I motif. This study has shown that the magnitude 
of the P-I and I-I bonds depends on a range of factors including the electronic, steric and 
the crystal packing effects. In compounds of the type R3PX2, the nature of the R groups play 
a vital role, with the more donating R groups resulting in the shortening of the I-I bond. The 
31P{1H} NMR studies for the R3PI2 adducts has shown that the phosphorus shift for these 
compounds lies in the -2 to -30 ppm range and not the +40 to +50 ppm as previously 
described. The shift in the +40 to +50 ppm region is assigned to the hydrolysed product 
[R3POH]
+ and [{R3PO}2H]
+. Studies of the conformations of the Ar3PI2 adducts have shown 
that crystal packing via aryl embraces can lead to a particular conformation of the aryl 
groups being preferred over others. In the example of o-tolyl3PI2 the exo3 conformation has 
resulted in a larger cone angle which in turn has resulted in a long P-I and an unexpectedly 
short I-I bond length. In this way the steric and the packing effects have shown to be an 
influencing factor on the P-I and I-I bond lengths which can also sometimes override the 
electronic effects. For the o-tolyl, o-anisyl and o-thioanisyl systems both the exo2 and exo3 
conformations can be observed, with the exo2 conformation being preferred in the ionic 
[R3PX][X3] systems but the exo3 system is preferred by the molecular spoke adduct of o-
tolyl3PI2.  The exo2 structure is least sterically demanding whilst the exo3 conformation 
leads to an energetically favoured (EF)6 (edge to face) embrace of the aryl rings. 
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All of the ionic structures of the [R3PX][X3] type display structural isomerism featuring a 
weak X···X cation-anion interaction in most cases. This leads to an asymmetric trihalide 
anion being observed due to a strong intermolecular soft soft X···X interaction between the 
[R3PX]
+ cation and the [X3]
- anion. In the case of [(o-SCH3C6H4)3PBr][Br3] the anion is very 
asymmetric, and may be thought of as [Br2···Br]. The highly symmetrical cation templates a 
high symmetry 2D polybromide network in the extended structure. An ionic structure 
[R3PCl][X3] has also been observed for the reaction between R3P and ICl. In each case the 
lighter and most electronegative halogen has reacted with the phosphorus atom. From this 
study and the previous studies in this field it can be concluded that; 
 
 In the solid state all the R3PF2 compounds are trigonal bipyramidal whilst the R3PCl2 
adducts lie on the covalent / ionic borderline. The solid state structure of all the 
R3PBr2 (with the sole exception of (C6F5)3PBr2 which is trigonal bipyramidal) and 
R3PI2 are always ionic or CT in nature. 
 For the borderline R3PCl2 adducts the nature of R group and the solvent of 
preparation plays a vital role. Aryl phosphines tend to give covalent products when 
reacted with dichlorine, in contrast the ionic salts can be observed for alkyl 
phosphine chlorides. Ph3PCl2 gives a molecular structure when crystallised from 
dichloromethane / diethylether solvent on the other hand when the product was 
recrystallised from less polar diethylether solvent an ionic product was obtained. 
 The P-I and I-I distances in R3PI2 adducts can vary considerably depending upon the 
nature of R groups and the crystal packing effects. 
 If a tertiary phosphine R3P is reacted with mixed halogen (i.e. ICl) the lighter more 
electronegative halogen will react with the phosphorus atom. 
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A series of p-halo substituted diselenides were reacted with halogens in stoichiometric 
ratios to produce compounds with the general formula RSeX / RSeX3. The X-ray crystal 
structures of (p-ClC6H4)SeI.I2, (p-FC6H4)Se-Se(I)2(p-FC6H4) and (p-FC6H4)SeCl3 are described 
in this study. (p-ClC6H4)SeI.I2 is the first example of a crystallographically characterised 
“RSeI3” compound. This adduct is not a covalent Se(IV) molecule however, but essentially a 
1:1 CT adduct of (p-ClC6H4)SeI with I2. The oxidation state of selenium in this compound is 
therefore +2 and the whole structure is further stabilised by Se···I and I X···I interactions. It 
was also previously thought that bulky aryl groups result in the cleavage of the Se-Se bond 
on introduction of diiodine. This was not seen in the case of (p-ClC6H4)SeI.I2 but in contrast 
the Se-Se bond in the structure of (p-FC6H4)Se-Se(I)2(p-FC6H4) remains uncleaved when (p-
FC6H4)2Se2 is reacted with iodine. A 1:1 CT spoke is observed for this compound with the 
iodine spoke observed on only one of the two selenium atoms. The structure of (p-
FC6H4)SeCl3 is dimeric with bridging chlorines which contrasts with the structure of PhSeCl3 
where a polymeric chain structure is observed. Both of the (p-FC6H4) rings are on the same 
side of the molecule and are tilted (slightly) from each other. There is also evidence for π-π 
stacking, with an average C-C separation of 3.631 Å between the aryl rings. 
Ph3PX2 and [Ph4P]X were reacted with PhEX / PhEX3 (E = Se, Te and X = Cl, Br, I) to form 
species containing either the T-shaped [REX2]
- or square pyramidal [REX4]
- anions. These 
reactions can also be performed via simple one pot synthesis using Ph3P, Ph2Se2 and X2 in 
the stoichiometric ratios. The structure adopted by these anions is predicted by VSEPR 
theory however these anions vary in structure from the related anions like [SeX3]
-, since 
they do not dimerise via weak secondary E···X interactions, unlike [SeX3]
-. In the 13C{1H} 
NMR spectra of [Ph3PX]
+ cations a trend was observed whereby the splitting in the doublet 
of the ipso carbon of the phenyl ring (1J(PC) coupling) changed as the identity of the 
halogen on the [Ph3PX]
+ cation changed. This is due to a direct relationship between the 
1J(PC) splitting and the percentage s character in the hybrid orbital on the carbon atom 
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comprising the P-C bond. The oxidation state of the anion produced depends on the nature 
of E and X. The anions in the +4 oxidation state are more stable for tellurium than 
selenium, and are also much more likely with lighter more highly oxidising halogens. 
(p-FC6H4)3P was reacted with elemental sulfur and selenium to form (p-FC6H4)3PS and (p-
FC6H4)3PSe and these compounds were then reacted with iodine to form 1:1 adducts. The 
electron withdrawing fluorine in the para position has a minor effect on the length of the I-
I bonds in these CT adducts. The expected shortening of the I-I bonds in these compounds 
relative to the non-fluorinated adducts has not occurred. These observations cannot be 
rationalised by electronic arguments alone and both of these compounds display a more 
acute P-E-I angle than previously observed, holding the dihalogens part of the molecule 
closer to the aryl rings. This may be the reason why a more pronounced shortening of the 
I-I bond is not observed.  
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7.1 General Methods 
Most of the compounds studied in this report are moisture sensitive thus strict anhydrous 
and anaerobic conditions are essential for their successful synthesis. All air/moisture 
sensitive materials were either syringed from their bottles fitted with an anhydrous cap 
under nitrogen or manipulated under argon in a custom built laboratory dry box fitted with 
a Belle Technologies O2 filter. All the moisture sensitive reactions and isolations are either 
carried out in a closed system under nitrogen using standard Schlenk techniques or 
performed inside the argon filled dry box, as outlined above. 
7.2 Glassware 
All the glassware was dried prior to use in an oven set at 240 C and when required it was 
transferred directly to a vacuum line and allowed to cool in vacuo. The glassware was then 
further dried using a heat gun and cooled under vaccum. This procedure was repeated 
twice before filling the glassware with dry nitrogen. 
7.3 Chemicals 
All the chemicals used were obtained from major suppliers and used as supplied, the purity 
of these compounds however was confirmed by NMR spectroscopy. 
7.4 The Drying of Solvents 
The dried solvents were either purchased from Sigma Aldrich with sure-seal caps and used 
as supplied or freshly distilled over sodium wire prior to use. In the later part of the 
research the solvents were purified using innovative technology Pure Solv PS-MD-5 solvent 
purification system. 
7.5 Spectroscopy and Physical properties 
7.5.1 NMR spectroscopy 
The 1H NMR spectra were run at 200.1 MHz on a Bruker DPX 200 NMR spectrometer, or at 
299.8 MHz on a Varian Associates Unity INOVA 300 Athos spectrometer, or at 399.9 MHz 
on a Bruker DPX 400 NMR spectrometer. 13C NMR spectra were recorded at 75.4 MHz on a 
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Bruker DPX 300 spectrometer, or at 75.39 MHz on a Varian Associates Unity INOVA 300 
Athos spectrometer, or at 100.6 MHz on a Bruker DPX 400 NMR spectrometer. The 19F 
NMR spectra were run at 188.3 MHz on a Bruker DPX 200 NMR spectrometer, or at 282.1 
MHz on a Varian Associates Unity INOVA 300 Athos spectrometer. The 31P NMR were run 
at 81.0 MHz on a Bruker DPX 200 NMR spectrometer. The 77Se NMR spectra were run at 
76.3 MHz on a Bruker DPX 400 NMR spectrometer. 
All the spectra were recorded at 300K using CDCl3 as the solvent, except where otherwise 
stated. The peak positions are quoted relative to TMS (1H, 13C), CFCl3 (
19F), 85% H3PO4 (
31P) 
and Me2Se (
77Se) using the high frequency positive convention throughout.  
7.5.2 Elemental analysis 
All the micro analytical analyses were performed by Mr M. Jennings micro analytical 
laboratory at the School of Chemistry, University of Manchester. 
7.5.3 Melting Points 
Melting points were measured on either a Perkin-Elmer Diamond Differential Scanning 
Calorimeter or Stuart Scientific SMP10 Melting point machine. 
7.5.4 FT-IR / Raman spectroscopy 
All the IR / Raman spectra were recorded on a Nicolet Nexus combined FT-IR / FT-Raman 
spectrometer using the OMNIC E.S.P. 5.1 software package. 
7.5.5 X-Ray Crystallography 
X-ray data for the compounds was recorded an a Nonius K-CCD 4-circle diffractometer using 
graphite monochromated Mo-K radiation ( = 0.71073 Å) and collections performed at 
150(2) K. 
The structural data for all the compounds was solved by direct methods (SHELXS97) and 
refined by full-matrix least squares against F2 using all data (SHELXL97). Absorption 
corrections were carried out via the multiscan method, and were applied with the SORTAV 
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program. Non-hydrogen atoms were refined with anisotropic thermal parameters. 
Hydrogen atoms were refined isotropically. Figures were generated using ORTEP-3 for 
Windows.294 
 
7.6 Chapter 2 Phosphine halogen adducts 
 
The R3PXn compounds were synthesized under strict anhydrous and anaerobic conditions 
due to the extreme air and moisture sensitive nature of these compounds. All the 
compounds in this section are prepared using the same described procedure. 
Freshly distilled dry diethylether (~50 ml) was added to a dry rotaflo tube under a stream 
of nitrogen. The rotaflo tube was degassed and filled with nitrogen three times prior to 
use. Under a flow of nitrogen first the tertiary phosphine and then the halogen was added 
to this rotaflo tube in the stoichiometric ratio to form the desired product. Typically the 
reaction took twenty minutes and the solid was formed with the appropriate colour 
change but the system was left stirring for 24 hours for completion. The solids formed 
were isolated using standard Schlenk techniques with all the manipulations carried out 
under argon atmosphere in a glove box. In some cases where no solid was formed, the 
ether was removed under reduced pressure to yield oily products which were only 
analysed by NMR. The data for the compounds produced is given below.   
  
7.6.1 Data for (o-CH3C6H4)3PI2  
 
Orange/yellow powder (61.5% yield). Calc. for C21H21PI2: C, 45.1; H, 3.7; P, 5.5; Found: C, 
44.2; H, 3.5; P, 5.5%. 1H NMR (CDCl3):  2.24 [s, CH3], 7.18-7.38 [m], 7.48-7.58 [m]. 
13C{1H} 
NMR (CDCl3):  23.1 [d, CH3, 
3J(PC) = 5.8 Hz], 119.7 [d, Ci, 
1J(PC) = 52.8 Hz], 127.1 [d, Cm2, 
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3J(PC) = 11.6 Hz], 133.4 [d, Co2, 
2J(PC) = 10.9 Hz], 134.0 [d, Cp, 
4J(PC) = 2.9 Hz], 134.6 [d, Cm1, 
3J(PC) = 9.4 Hz], 143.4 [d, Co1 (C-Me), 
2J(PC) = 9.4 Hz]. 31P{1H} NMR (CDCl3):  -29.3 [s]. IR 
(cm-1): 3054, 1587, 1564, 1280, 1203, 1130, 1046, 799, 759, 660, 599, 516, 463, 434, 400, 
176, 136. 
7.6.2 Data for (o-CH3C6H4)3PI4  
 
1H NMR (CDCl3):  2.26 [s, CH3], 7.16-7.52 [m], 7.60-7.66 [m]. 
13C{1H} NMR (CDCl3):  23.5 
[d, CH3, 
3J(PC) = 5.5 Hz], 117.1 [d, Ci, 
1J(PC) = 67.3 Hz], 128.0 [d, Cm2, 
3J(PC) = 13.9 Hz], 134.5 
[d, Co2, 
2J(PC) = 11.7 Hz], 135.2 [d, Cm1, 
3J(PC) = 12.6 Hz], 136.0 [d, Cp, 
4J(PC) = 3.6 Hz],143.7 
[d, Co1 (C-Me), 
2J(PC) = 10.1 Hz]. 31P{1H} NMR (CDCl3):  -8.6 [brs].  
7.6.3 Data for (m-CH3C6H4)3PI2  
 
Yellow powder (84.5% yield). Calc. for C21H21PI2: C, 45.1; H, 3.7; P, 5.5; Found: C, 45.1; H, 
3.6; P, 5.6%. 1H NMR (CDCl3):  2.41 [s, CH3], 7.16-7.39 [m], 7.40-7.76 [m]. 
13C{1H} NMR 
(CDCl3):  21.6 [s, CH3], 122.2 [d, Ci, 
1J(PC) = 62.5 Hz], 129.4 [d, Cm2, 
3J(PC) = 13.9 Hz], 130.6 
[d, Co2, 
2J(PC) = 9.4 Hz], 132.6 [d, Co1, 
2J(PC) = 11.0 Hz], 135.3 [d, Cp, 
4J(PC) = 2.9 Hz],139.6 [d, 
Cm1 (C-Me), 
3J(PC) = 13.0 Hz]. 31P{1H} NMR (CDCl3):  -13.1 [brs]. IR (cm
-1): 3051, 2914, 1590, 
1572, 1220, 1173, 1096, 944, 852, 779, 674, 574, 454, 411, 357, 189, 150. 
7.6.4 Data for (m-CH3C6H4)3PI4  
 
Red/brown powder (87.3% yield). Calc. for C21H21PI4: C, 31.0; H, 2.6; P, 3.8; I, 62.5; Found: 
C, 30.9; H, 2.5; P, 3.8; I, 63.4%. 1H NMR (CDCl3):  2.51 [s, CH3], 7.27-7.50 [m], 7.53-7.68 
[m]. 13C{1H} NMR (CDCl3):  21.8 [s, CH3], 120.7 [d, Ci, 
1J(PC) = 73.1 Hz], 130.3 [d, Cm2, 
3J(PC) 
= 14.4 Hz], 131.0 [d, Co2, 
2J(PC) = 10.9 Hz], 133.1 [d, Co1, 
2J(PC) = 10.9 Hz], 136.8 [d, Cp, 
4J(PC) 
= 2.9 Hz], 141.1 [d, Cm1 (C-Me), 
3J(PC) = 13.8 Hz]. 31P{1H} NMR (CDCl3):  6.0 [s]. IR (cm
-1): 
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3049, 2914, 1592, 1569, 1377, 1219, 1168, 955, 845, 542, 518, 480, 418, 370, 196, 168, 
131. 
7.6.5 Data for (m-CH3C6H4)3PBr2  
 
White powder (72.9% yield). Calc. for C21H21PBr2: C, 54.3; H, 4.5; P, 6.6; Br, 34.4; Found: C, 
62.1; H, 5.4; P, 7.4; Br, 12.4%. 1H NMR (CDCl3):  2.42 [s, CH3], 7.26-7.56 [m], 7.58-7.66 [m]. 
13C{1H} NMR (CDCl3):  21.5 [s, CH3], 123.9 [d, Ci, 
1J(PC) = 108.1 Hz], 129.2 [d, Cm2, 
3J(PC) = 
14.3 Hz], 130.2 [d, Co2, 
2J(PC) = 11.9 Hz], 133.2 [d, Co1, 
2J(PC) = 11.0 Hz], 135.5 [d, Cp, 
4J(PC) = 
2.7 Hz],139.6 [d, Cm1 (C-Me), 
3J(PC) = 13.8 Hz]. 31P{1H} NMR (CDCl3):  50.6 [s]. IR (cm
-1): 
3054, 2918, 1594, 1577, 1380, 1274, 1224, 1174, 1111, 1085, 997, 853, 705, 676, 525, 254, 
217.  
7.6.6 Data for (m-CH3C6H4)3PCl2  
 
1H NMR (CDCl3):  2.29 [s, CH3], 7.20-7.37 [m], 7.44-7.51 [m]. 
13C{1H} NMR (CDCl3):  21.4 
[s, CH3], 128.6 [d, Cm2, 
3J(PC) = 12.9 Hz], 129.4 [d, Co2, 
2J(PC) = 11.0 Hz], 129.5 [d, Ci, 
1J(PC) = 
105.4 Hz], 132.6 [d, Co1, 
2J(PC) = 10.1 Hz], 133.6 [d, Cp, 
4J(PC) = 2.8 Hz],138.8 [d, Cm1 (C-Me), 
3J(PC) = 12.9 Hz]. 31P{1H} NMR (CDCl3):  36.7 [brs], 65.8 [s]. 
7.6.7 Data for (m-CH3C6H4)3PICl  
 
1H NMR (CDCl3):  2.29 [s, CH3], 7.24-7.69 [m]. 
13C{1H} NMR (CDCl3):  21.5 [s, CH3], 129.4 
[d, Cm2, 
3J(PC) = 13.8 Hz], 129.8 [d, Co2, 
2J(PC) = 11.3 Hz], 134.3 [d, Co1, 
2J(PC) = 11.2 Hz], 
136.0 [d, Cp, 
4J(PC) = 3.3 Hz], 139.6 [d, Cm1 (C-Me), 
3J(PC) = 12.7 Hz]. 31P{1H} NMR (CDCl3):  -
10.2 [brs], 47.0 [s].  
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7.6.8 Data for (p-CH3C6H4)3PI2  
 
Yellow powder (54.0% yield). Calc. for C21H21PI2: C, 45.1; H, 3.7; P, 5.5; I, 45.4; Found: C, 
44.6; H, 3.2; P, 5.6; I, 44.1%. 1H NMR (CDCl3):  2.43 [s, CH3], 7.33-7.37 [m], 7.38-7.42 [m]. 
13C{1H} NMR (CDCl3):  21.9 [s, CH3], 118.6 [d, Ci, 
1J(PC) = 71.2 Hz], 130.9 [d, Cm, 
3J(PC) = 13.8 
Hz], 133.5 [d, Co, 
2J(PC) = 10.8 Hz], 146.4 [d, Cp, 
4J(PC) = 3.6 Hz]. 31P{1H} NMR (CDCl3):  -6.7 
[s]. IR (cm-1): 3049, 2914, 1593, 1493, 1375, 1311, 1213, 1191, 1093, 1017, 807, 701, 650, 
632, 611, 514, 455, 428, 356, 294, 191, 160, 113.  
7.6.9 Data for (p-CH3C6H4)3PI4  
 
Red/brown powder (81.5% yield). Calc. for C21H21PI4: C, 31.0; H, 2.6; P, 3.8; I, 62.5; Found: 
C, 30.9; H, 2.3; P, 3.9; I, 61.0%. 1H NMR (CDCl3):  2.56 [s, CH3], 7.47-7.56 [m]. 
13C{1H} NMR 
(CDCl3):  22.1 [s, CH3], 117.6 [d, Ci, 
1J(PC) = 78.7 Hz], 131.3 [d, Cm, 
3J(PC) = 14.8 Hz], 133.7 
[d, Co, 
2J(PC) = 12.1 Hz], 147.5 [d, Cp, 
4J(PC) = 3.6 Hz]. 31P{1H} NMR (CDCl3):  5.3 [s]. IR (cm
-
1): 3048, 2912, 1593, 1372, 1309, 1212, 1190, 1092, 807, 700, 661, 629, 610, 515, 453, 356, 
293, 190, 113. 
7.6.10 Data for (p-CH3C6H4)3PBr2  
 
Yellow powder (43.5% yield). Calc. for C21H21PBr2: C, 54.3; H, 4.5; P, 6.6; Found: C, 50.9; H, 
4.5; P, 6.5%. 1H NMR (CDCl3):  2.46 [s, CH3], 7.36-7.45 [m], 7.54-7.70 [m]. 
13C{1H} NMR 
(CDCl3):  22.0 [s, CH3], 115.9 [d, Ci, 
1J(PC) = 90.2 Hz], 130.3 [d, Cm, 
3J(PC) = 13.8 Hz], 133.0 
[d, Co, 
2J(PC) = 12.1 Hz], 146.1 [d, Cp, 
4J(PC) = 2.8 Hz]. 31P{1H} NMR (CDCl3):  52.6 [s]. IR (cm
-
1): 3054, 2919, 1598, 1560, 1376, 1313, 1214, 1111, 806, 665, 633, 463, 331, 251, 228, 161. 
7.6.11 Data for (p-CH3C6H4)3PCl2  
 
White powder (32.3% yield). Calc. for C21H21PCl2: C, 67.1; H, 5.6; P, 8.2; Found: C, 66.9; H, 
6.0; P, 8.2%. 1H NMR (CDCl3):  2.53 [s, CH3], 7.24-7.29 [m], 7.49-7.65 [m]. 
13C{1H} NMR 
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(CDCl3):  22.1 [s, CH3], 115.5 [d, Ci, 
1J(PC) = 97.5 Hz], 129.5 [d, Cm, 
3J(PC) = 13.1 Hz], 132.3 
[d, Co, 
2J(PC) = 11.0 Hz], 143.5 [d, Cp, 
4J(PC) = 2.8 Hz]. 31P{1H} NMR (CDCl3):  37.4 [brs], 65.5 
[s].  
7.6.12 Data for (p-CH3C6H4)3PICl  
 
Yellow powder (77.3% yield). Calc. for C21H21PICl: C, 54.0; H, 4.5; P, 6.6; Found: C, 37.5; H, 
2.9; P, 4.7%. 1H NMR (CDCl3):  2.49 [s, CH3], 7.28-7.49 [m]. 
13C{1H} NMR (CDCl3):  22.1 [s, 
CH3], 130.3 [d, Cm, 
3J(PC) = 13.3 Hz], 132.5 [d, Co, 
2J(PC) = 11.3 Hz].  
7.6.13 Data for (o-OCH3C6H4)3PI2  
 
Mustard powder (91.1% yield). Calc. for C21H21O3PI2: C, 41.5; H, 3.4; P, 5.1; I, 41.8; Found: C, 
42.0; H, 3.4; P, 5.1; I, 40.7%. 1H NMR (CDCl3):  3.75 [s, OCH3], 6.89-7.40 [m], 7.56-7.73 [m]. 
13C{1H} NMR (CDCl3):  55.0 [s, OCH3], 108.8 [d, Ci, 
1J(PC) = 71.2 Hz], 112.5 [d, Cm2, 
3J(PC) = 
6.48 Hz], 121.3 [d, Co2, 
2J(PC) = 12.9 Hz], 134.9 [d, Cm1, 
3J(PC) = 7.4 Hz], 136.2 [s, Cp], 161.3 
[s, Co1 (C-OCH3)]. 
31P{1H} NMR (CDCl3):  -36.3 [brs], -19.2 [brs], -15.8 [brs]. IR (cm
-1): 3068, 
3012, 2940, 2839, 1586, 1474, 1295, 1252, 1162, 1139, 1076, 1043, 1013, 795, 698, 669, 
571, 547, 513, 450, 403, 273, 213, 155, 125. 
7.6.14 Data for (o-OCH3C6H4)3PI4  
 
Brown powder (88.0% yield). Calc. for C21H21O3PI4: C, 29.3; H, 2.4; P, 3.6; I, 59.0; Found: C, 
29.6; H, 2.2; P, 3.7; I, 57.5%. 1H NMR (CDCl3):  3.77 [s, OCH3], 7.06-7.21 [m], 7.68-7.74 [m]. 
13C{1H} NMR (CDCl3):  56.5 [s, OCH3], 113.1 [d, Cm2, 
3J(PC) = 7.26 Hz], 121.8 [d, Co2, 
2J(PC) = 
13.8 Hz], 134.9 [d, Cm1, 
3J(PC) = 8.0 Hz], 137.7 [d, Cp, 
4J(PC) = 2.7 Hz], 161.5 [d, Co1 (C-OCH3), 
2J(PC) = 2.8 Hz]. IR (cm-1): 3073, 2930, 2833, 1585, 1472, 1248, 1163, 1137, 1041, 850, 792, 
753, 666, 547, 508, 467, 405, 202, 161. 
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7.6.15 Data for (o-OCH3C6H4)3PBr2  
 
Light yellow powder (87.7% yield). Calc. for C21H21O3PBr2: C, 49.2; H, 4.1; P, 6.0; Br, 31.2; 
Found: C, 44.9; H, 3.9; P, 5.7; Br, 31.3%. 1H NMR (CDCl3):  3.65 [s, OCH3], 6.84-7.08 [m], 
7.10-7.84 [m]. 13C{1H} NMR (CDCl3):  56.2 [s, OCH3], 111.6 [d, Ci, 
1J(PC) = 116.9 Hz], 113.7 
[d, Cm2, 
3J(PC) = 7.3 Hz], 122.4 [d, Co2, 
2J(PC) = 15.3 Hz], 134.8 [d, Cm1, 
3J(PC) = 10.2 Hz], 
139.1 [d, Cp, 
4J(PC) = 2.7 Hz], 161.9 [d, Co1 (C-OCH3), 
2J(PC) = 2.7 Hz]. 31P{1H} NMR (CDCl3):  
37.6 [brs], 48.6 [s]. IR (cm-1): 3069, 3011, 2975, 2941, 2839, 1587, 1477, 1451, 1283, 1253, 
1172, 1139, 1041, 794, 669, 549, 499, 429, 237, 203, 164. 
7.6.16 Data for (o-OCH3C6H4)3PCl2  
 
White powder (70.1% yield). Calc. for C21H21O3PCl2: C, 59.5; H, 5.0; P, 7.3; Cl, 16.7; Found: C, 
59.4; H, 5.7; P, 7.1; Cl, 8.9%. 1H NMR (CDCl3):  3.70 [s, OCH3], 6.85-7.90 [m]. 
13C{1H} NMR 
(CDCl3):  56.7 [s, OCH3], 113.1 [d, Ci, 
1J(PC) = 117.0 Hz], 113.4 [d, Cm2, 
3J(PC) = 7.4 Hz], 
120.9 [d, Co2, 
2J(PC) = 14.3 Hz], 134.7 [d, Cm1, 
3J(PC) = 9.8 Hz], 139.1 [s, Cp], 161.8 [s, Co1 (C-
OCH3)]. 
31P{1H} NMR (CDCl3):  57.4 [s]. IR (cm
-1): 3071, 3013, 2944, 2841, 1589, 1574, 
1455, 1399, 1286, 1255, 1171, 1145, 1042, 1017, 796, 669, 600, 579, 482, 352, 301, 201, 
148.  
7.6.17 Data for (o-OCH3C6H4)3PICl  
 
Yellow/brown powder (61.3% yield). Calc. for C21H21O3PICl: C, 48.8; H, 4.4; P, 5.9; Found: C, 
47.4; H, 4.2; P, 5.5%. 1H NMR (CDCl3):  3.83 [s, OCH3], 6.67-7.13 [m], 7.18-8.10 [m]. 
13C{1H} 
NMR (CDCl3):  56.1 [s, OCH3], 106.7 [d, Ci, 
1J(PC) = 103.9 Hz], 113.8 [d, Cm2, 
3J(PC) = 7.3 Hz], 
122.6 [d, Co2, 
2J(PC) = 15.6 Hz], 134.8 [d, Cm1, 
3J(PC) = 6.4 Hz], 139.5 [s, Cp], 162.1 [s, Co1 (C-
OCH3)]. IR (cm
-1): 3067, 3014, 2944, 2837, 1589, 1479, 1455, 1281, 1255, 1167, 1138, 1041, 
1017, 795, 668, 591, 583, 473, 404, 148. 
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7.6.18 Data for (m-OCH3C6H4)3PI2  
 
Yellow powder (75.5% yield). Calc. for C21H21O3PI2: C, 41.5; H, 3.4; Found: C, 41.4; H, 3.4%. 
1H NMR (CDCl3):  3.85 [s, OCH3], 6.98-7.39 [m], 7.44-7.64 [m]. 
13C{1H} NMR (CDCl3):  55.8 
[s, OCH3], 118.9 [d, Cm2, 
3J(PC) = 11.9 Hz], 119.7 [s, Cp], 125.5 [d, Co2, 
2J(PC) = 9.9 Hz], 131.1 
[d, Co1, 
2J(PC) = 13.7 Hz], 160.2 [d, Cm1 (C-OCH3), 
3J(PC) = 13.8 Hz]. 31P{1H} NMR (CDCl3):  -
18.5 [s].  
7.6.19 Data for (m-OCH3C6H4)3PI4  
 
Brown powder (88.8% yield). Calc. for C21H21O3PI4: C, 29.3; H, 2.4; P, 3.6; Found: C, 29.4; H, 
2.2; P, 3.4%. 1H NMR (CDCl3):  3.68 [s, OCH3], 6.83-6.99 [m], 7.04-7.12 [m], 7.33-7.48 [m]. 
13C{1H} NMR (CDCl3):  56.3 [s, OCH3], 119.0 [d, Cm2, 
3J(PC) = 13.8 Hz], 121.4 [d, Cp, 
4J(PC) = 
2.7 Hz], 121.6 [d, Ci, 
1J(PC) = 73.9 Hz], 125.8 [d, Co2, 
2J(PC) = 11.0 Hz], 131.9 [d, Co1, 
2J(PC) = 
16.6 Hz], 160.5 [d, Cm1 (C-OCH3), 
3J(PC) = 17.6 Hz]. 31P{1H} NMR (CDCl3):  5.52 [s].  
7.6.20 Data for (m-OCH3C6H4)3PBr2  
 
Cream powder (34.8% yield). Calc. for C21H21O3PBr2: C, 49.2; H, 4.1; P, 6.0; Br, 31.2; Found: 
C, 54.6; H, 4.7; P, 6.8; Br, 17.8%. 1H NMR (CDCl3):  3.80 [s, OCH3], 7.04-7.24 [m], 7.27-7.64 
[m]. 13C{1H} NMR (CDCl3):  55.9 [s, OCH3], 117.6 [d, Cm2, 
3J(PC) = 12.0 Hz], 121.2 [d, Cp, 
4J(PC) = 2.7 Hz], 124.7 [d, Ci, 
1J(PC) = 108.1 Hz], 125.0 [d, Co2, 
2J(PC) = 12.0 Hz], 130.6 [d, Co1, 
2J(PC) = 16.7 Hz], 160.1 [d, Cm1 (C-OCH3), 
3J(PC) = 16.5 Hz]. 31P{1H} NMR (CDCl3):  43.6 [s], 
51.7 [s].  
7.6.21 Data for (p-OCH3C6H4)3PI2  
 
Yellow powder (76.1% yield). Calc. for C21H21O3PI2: C, 41.5; H, 3.4; P, 5.1; Found: C, 39.1; H, 
3.2; P, 4.8%. 1H NMR (CDCl3):  3.85 [s, OCH3], 6.96-7.04 [m], 7.36-7.47 [m]. 
13C{1H} NMR 
(CDCl3):  56.0 [s, OCH3], 113.1 [d, Ci, 
1J(PC) = 76.2 Hz], 115.7 [d, Cm, 
3J(PC) = 14.5 Hz], 135.4 
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[d, Co, 
2J(PC) = 12.4 Hz], 164.5 [d, Cp, 
4J(PC) = 2.8 Hz]. 31P{1H} NMR (CDCl3):  -11.7 [s]. IR 
(cm-1): 3062, 2834, 1589, 1497, 1309, 1265, 1180, 1103, 796, 662, 635, 614, 533, 503, 489, 
462, 271, 206, 158, 120. 
7.6.22 Data for (p-OCH3C6H4)3PI4  
 
Brown powder (91.2% yield). Calc. for C21H21O3PI4: C, 29.3; H, 2.4; P, 3.6; I, 59.0; Found: C, 
28.8; H, 2.1; P, 3.6; I, 57.0%. 1H NMR (CDCl3):  3.98 [s, OCH3], 7.19-7.24 [m], 7.55-7.63 [m]. 
13C{1H} NMR (CDCl3):  56.4 [s, OCH3], 111.3 [d, Ci, 
1J(PC) = 87.0 Hz], 116.4 [d, Cm, 
3J(PC) = 
15.6 Hz], 135.9 [d, Co, 
2J(PC) = 13.9 Hz], 165.4 [d, Cp, 
4J(PC) = 2.6 Hz]. 31P{1H} NMR (CDCl3):  
5.7 [s]. IR (cm-1): 3056, 2941, 2837, 1588, 1496, 1408, 1311, 1263, 1180, 1097, 1002, 831, 
798, 663, 628, 530, 494, 462, 299, 169, 105. 
7.6.23 Data for (p-OCH3C6H4)3PBr2  
 
White powder. 1H NMR (CDCl3):  3.94 [s, OCH3], 6.90-7.35 [m], 7.40-7.96 [m]. 
13C{1H} NMR 
(CDCl3):  57.7 [s, OCH3], 109.9 [d, Ci, 
1J(PC) = 98.2 Hz], 117.2 [d, Cm, 
3J(PC) = 16.6 Hz], 136.7 
[d, Co, 
2J(PC) = 15.0 Hz], 166.1 [d, Cp, 
4J(PC) = 2.7 Hz]. 31P{1H} NMR (CDCl3):  50.0 [s], 52.7 
[s].  
7.6.24 Data for (p-OCH3C6H4)3PCl2  
 
1H NMR (CDCl3):  3.84 [s, OCH3], 6.84-7.24 [m], 7.39-7.64 [m]. 
13C{1H} NMR (CDCl3):  56.4 
[s, OCH3], 109.2 [d, Ci, 
1J(PC) = 105.1 Hz], 116.6 [d, Cm, 
3J(PC) = 16.1 Hz], 135.8 [d, Co, 
2J(PC) 
= 14.8 Hz], 166.3 [d, Cp, 
4J(PC) = 3.1 Hz]. 31P{1H} NMR (CDCl3):  47.2 [s], 63.8 [s].  
7.6.25 Data for (p-OCH3C6H4)3PICl  
 
Yellow powder (78.5% yield). Calc. for C21H21O3PICl: C, 48.9; H, 4.1; P, 6.0; Found: C, 45.5; H, 
3.6; P, 5.7%. 1H NMR (CDCl3):  3.94 [s, OCH3], 6.97-7.12 [m], 7.43-7.58 [m]. 
13C{1H} NMR 
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(CDCl3):  56.1 [s, OCH3], 115.3 [d, Cm, 
3J(PC) = 14.1 Hz], 134.7 [d, Co, 
2J(PC) = 12.6 Hz], 164.5 
[s, Cp]. 
31P{1H} NMR (CDCl3):  41.8 [brs].    
7.6.26 Data for (o-SCH3C6H4)3PI2  
 
Light brown powder (57.3% yield). Calc. for C21H21S3PI2: C, 38.5; H, 3.2; P, 4.7; I, 38.8; 
Found: C, 37.1; H, 2.9; P, 4.6; I, 41.6%. 1H NMR (CDCl3):  2.38 [s, SCH3], 6.76-7.15 [m], 7.18-
7.57 [m]. 13C{1H} NMR (CDCl3):  17.8 [s, SCH3], 125.9 [s, Cm2], 128.1 [s, Co2], 130.5 [s, Cp], 
133.6 [s, Cm1], 134.4 [s, Ci], 144.2 [d, Co1 (C-SCH3), 
2J(PC) = 23.2 Hz]. 31P{1H} NMR (CDCl3):  -
31.0 [brs] (free phosphine). IR (cm-1): 3050, 2987, 2915, 1569, 1411, 1268, 1164, 1101, 
1035, 703, 366, 160. 
7.6.27 Data for (o-SCH3C6H4)3PI4  
 
Red/brown powder (87.5% yield). Calc. for C21H21S3PI4: C, 27.7; H, 2.3; P, 3.4; I, 55.9; Found: 
C, 27.2; H, 2.1; P, 3.5; I, 55.7%. 1H NMR (CDCl3):  2.38 [s, SCH3], 7.05-7.61 [m], 7.83-7.90 
[m]. IR (cm-1): 3049, 2986, 2915, 1571, 1547, 1416, 1268, 1166, 1095, 1042, 1035, 955, 748, 
707, 527, 411, 367, 163. 
7.6.28 Data for (o-SCH3C6H4)3PBr2  
 
Yellow powder (76.7% yield). Calc. for C21H21S3PBr2: C, 45.0; H, 3.7; P, 5.5; Br, 28.5; Found: 
C, 41.1; H, 3.5; P, 4.8; Br, 33.6%. 1H NMR (CDCl3):  2.17 [s, SCH3], 7.06-7.35 [m], 7.36-7.65 
[m]. 13C{1H} NMR (CDCl3):  19.0 [s, SCH3], 126.2 [d, Cm2, 
3J(PC) = 13.8 Hz], 127.4 [d, Co2, 
2J(PC) = 14.1 Hz], 130.8 [s, Cp], 132.2 [d, Cm1, 3J(PC) = 10.1 Hz], 134.5 [s, Ci], 137.1 [d, Co1 (C-
SCH3), 
2J(PC) = 14.6 Hz]. 31P{1H} NMR (CDCl3):  38.9 [s] (oxidised). IR (cm
-1): 3057, 2993, 
2919, 1574, 1432, 1257, 1173, 1110, 1045, 706, 645, 421, 236, 156. 
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7.6.29 Data for (o-SCH3C6H4)3PCl2  
 
Cream solid (43.0% yield). Calc. for C21H21S3PCl2: C, 53.5; H, 4.4; P, 6.5; Cl, 15.0; Found: C, 
56.9; H, 4.8; P, 6.6; Cl, 6.1%. 1H NMR (CDCl3):  2.37 [s, SCH3], 6.61-6.69 [m], 6.90-7.97 [m]. 
13C{1H} NMR (CDCl3):  17.5 [s, SCH3], 125.4 [s, Cm2], 126.8 [d, Co2, 
2J(PC) = 4.4 Hz], 129.5 [s, 
Cp], 133.5 [s, Cm1], 135.3 [d, Ci, 
1J(PC) = 11.6 Hz], 144.1 [d, Co1 (C-SCH3), 
2J(PC) = 28.6 Hz]. 
31P{1H} NMR (CDCl3):  -31.4 [s], 35.4 [brs], 56.9 [s].  
7.6.30 Data for (o-SCH3C6H4)3PICl  
 
Light orange powder (87.7% yield). Calc. for C21H21S3PICl: C, 44.6; H, 4.1; P, 5.4; Found: C, 
43.5; H, 3.5; P, 5.5%. 1H NMR (CDCl3):  2.56 [s, SCH3], 7.19-7.31 [m], 7.38-7.78 [m]. 
13C{1H} 
NMR (CDCl3):  17.9 [s, SCH3], 125.4 [d, Cm2, 
3J(PC) = 13.1 Hz], 127.7 [d, Co2, 
2J(PC) = 7.2 Hz], 
129.3 [s, Cp], 133.7 [s, Cm1], 135.8 [d, Ci, 
1J(PC) = 12.9 Hz], 144.4 [d, Co1 (C-SCH3), 
2J(PC) = 
29.1 Hz]. 31P{1H} NMR (CDCl3):  -18.0 [brs], 40.7 [brs]. IR (cm
-1): 3056, 2988, 2914, 1569, 
1555, 1420, 1168, 1103, 1035, 707, 662, 651, 567, 115. 
7.6.31 Data for (p-SCH3C6H4)3PI2  
  
Yellow powder (84.2% yield). Calc. for C21H21S3PI2: C, 38.5; H, 3.2; S, 14.7; Found: C, 36.9; H, 
2.9; S, 13.6%. 1H NMR (CDCl3):  2.59 [s, SCH3], 7.27-7.58 [m], 7.70-7.81 [m]. 
13C{1H} NMR 
(CDCl3):  14.9 [s, SCH3], 126.0 [d, Cm, 
3J(PC) = 15.0 Hz], 133.1 [d, Co, 
2J(PC) = 12.8 Hz]. 
31P{1H} NMR (CDCl3):  -12.6 [s], 0.3 [s], 49.0 [brs]. 
7.6.32 Data for (p-SCH3C6H4)3PI4  
 
Brown powder (84.2% yield). Calc. for C21H21S3PI4: C, 27.7; H, 2.3; P, 3.4; I, 55.9; Found: C, 
28.9; H, 2.1; P, 3.7; I, 51.0%. 1H NMR (CDCl3):  2.58 [s, SCH3], 7.26-7.44 [m], 7.45-7.58 [m]. 
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13C{1H} NMR (CDCl3):  14.8 [s, SCH3], 125.9 [d, Cm, 
3J(PC) = 14.1 Hz], 132.7 [d, Co, 
2J(PC) = 
12.9 Hz]. 31P{1H} NMR (CDCl3):  5.9 [s], 48.9 [brs]. 
7.6.33 Data for (p-ClC6H4)3PI4  
 
Brown powder (64.1% yield). Calc. for C18H12Cl3PI4: C, 28.9; H, 1.6; P, 4.1; I, 51.0; Found: C, 
25.3; H, 1.2; P, 3.7; I, ~58%. 1H NMR (CDCl3):  7.17-7.52 [m], 7.63-7.94 [m]. 
13C{1H} NMR 
(CDCl3):  130.7 [d, Cm, 
3J(PC) = 13.0 Hz], 134.1 [d, Co, 
2J(PC) = 12.5 Hz]. 31P{1H} NMR (CDCl3): 
 -5.1 [s], 46.0 [brs]. IR (cm-1): 3054, 1576, 1185, 1088, 824, 739, 624, 542, 447, 387, 387, 
218, 172, 148, 109. 
7.6.34 Data for (p-ClC6H4)3PCl2  
 
1H NMR (CDCl3):  7.29-7.53 [m], 7.63-7.98 [m]. 
13C{1H} NMR (CDCl3):  121.3 [d, Ci, 
1J(PC) = 
109.3 Hz], 130.8 [d, Cm, 
3J(PC) = 16.6 Hz], 134.4 [d, Co, 
2J(PC) = 15.5 Hz], 143.2 [d, Cp, 
4J(PC) = 
3.6 Hz]. 31P{1H} NMR (CDCl3):  26.8 [s], 40.7 [brs], 56.5 [s].  
7.6.35 Data for (p-ClC6H4)3PICl  
 
1H NMR (CDCl3):  7.22-7.56 [m], 7.60-7.84 [m]. 
13C{1H} NMR (CDCl3):  132.2 [d, Cm, 
3J(PC) = 
15.7 Hz], 135.7 [d, Co, 
2J(PC) = 14.7 Hz], 145.7 [d, Cp, 
4J(PC) = 3.7 Hz]. 31P{1H} NMR (CDCl3):  
-8.2 [s], 41.9 [brs], 65.2 [s].  
7.6.36 Data for (p-FC6H4)3PI4  
 
Brown/orange powder (84.0% yield). Calc. for C18H12F3PI4: C, 26.2; H, 1.4; P, 3.7; I, 61.6; 
Found: C, 26.4; H, 1.2; P, 3.8; I, 61.5%. 1H NMR (CDCl3):  7.27-7.44 [m], 7.59-7.71 [m]. 
13C{1H} NMR (CDCl3):  118.0 [dd, Cm, J = 14.8, 22.1 Hz], 126.3 [d, Ci, 
1J(PC) = 75.8 Hz], 135.8 
[dd, Co, J = 10.1, 12.9 Hz], 136.7 [t, Cp, J = 12.9, 23.1 Hz]. 
31P{1H} NMR (CDCl3):  -4.2 [s], 47.8 
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[brs], 65.2 [s]. 19F NMR (CDCl3):  -97.5 [brs]. IR (cm
-1): 3060, 1588, 1491, 1391, 1302, 1234, 
1168, 1091, 826, 661, 634, 612, 524, 78, 435, 408, 311, 255, 185, 175, 162, 142, 120. 
7.6.37 Data for (p-FC6H4)3PBr4  
 
White powder (61.5% yield). Calc. for C18H12F3PBr4: C, 33.9; H, 1.9; P, 4.8; Br, 50.2; Found: 
C, 37.0; H, 1.7; P, 5.1; Br, 36.7%. 1H NMR (CDCl3):  7.32-7.59 [m], 7.77-7.98 [m]. 
13C{1H} 
NMR (CDCl3):  117.6 [dd, Cm, J = 14.8, 22.1 Hz], 119.1 [dd, Ci, J = 16.6, 22.1 Hz], 136.0 [dd, 
Co, J = 9.3, 13.8 Hz], 137.2 [dd, Cp, J = 10.1, 15.6 Hz]. 
31P{1H} NMR (CDCl3):  48.4 [s], 49.6 
[s]. 19F NMR (CDCl3):  -95.1 [brs]. IR (cm
-1): 3059, 1586, 1493, 1304, 1241, 1168, 1094, 
1010, 828, 629, 501, 326, 246, 229, 162.  
7.6.38 Data for (p-FC6H4)3PCl2  
 
Cream powder (62.3% yield). Calc. for C18H12F3PCl2: C, 55.8; H, 3.1; P, 8.0; Cl, 18.3; Found: C, 
55.1; H, 3.0; P, 8.5; Cl, 11.0%. 1H NMR (CDCl3):  7.04-7.18 [m], 7.52-7.60 [m]. 
13C{1H} NMR 
(CDCl3):  116.2 [dd, Cm, J = 13.9, 21.1 Hz], 127.5 [dd, Ci, J = 3.0, 108.6 Hz], 134.5 [dd, Co, J = 
9.3, 12.0 Hz], 165.5 [dd, Cp, J = 3.8, 254.5 Hz]. 
31P{1H} NMR (CDCl3):  28.0 [s], 55.1 [s].  
7.6.39 Data for (p-FC6H4)3PICl  
 
Black powder (31.7% yield). Calc. for C18H12F3PICl: C, 45.1; H, 2.5; Found: C, 40.1; H, 1.8%. 
1H NMR (CDCl3):  7.31-7.46 [m], 7.69-7.97 [m]. 
13C{1H} NMR (CDCl3):  118.0 [dd, Cm, J = 
15.0, 21.3 Hz], 136.2 [dd, Co, J = 10.3, 12.9 Hz]. 
31P{1H} NMR (CDCl3):  -3.9 [brs], 46.2 [brs].  
7.6.40 Data for (2,4,6CH3C6H2)3PI2  
 
Dark yellow/orange powder (34.5% yield). Calc. for C27H33PI2: C, 50.4; H, 5.1; P, 4.8; I, 39.5; 
Found: C, 37.5; H, 3.7; P, 3.7; I, 51.8%. 1H NMR (CDCl3):  2.43 [s, CH3], 6.80-7.31 [m]. 
13C{1H} NMR (CDCl3):  21.2 [s, CH3]. 
31P{1H} NMR (CDCl3):  -23.7 [s], 27.0 [s].  
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7.6.41 Data for (2,4,6CH3C6H2)3PI4  
 
Brown powder (81.5% yield). Calc. for C27H33PI4: C, 36.1; H, 3.7; P, 3.4; I, 56.6; Found: C, 
36.5; H, 3.4; P, 3.6; I, 53.8%. 1H NMR (CDCl3):  2.41 [s, CH3], 6.88-7.28 [m]. 
13C{1H} NMR 
(CDCl3):  21.2 [s, CH3], 31.0 [s, CH3], 120.1 [d, Ci, 
1J(PC) = 60.8 Hz], 125.8 [s, Cm], 132.6 [s, 
Co], 145.6 [d, Cp, 
4J(PC) = 3.7 Hz]. 31P{1H} NMR (CDCl3):  -22.6 [s], 27.0 [s].  
 
7.7 Chapter 3 Diaryl-diselenides with halogens 
 
7.7.1 Synthesis of (p-IC6H4)2Se2 and (p-BrC6H4)2Se2 
 
1,4 diiodobenzene (15 g, 0.045 moles) and diethyl ether (400 ml) were added to a dried 
three necked round bottom flask equipped with a pressure equalising dropping funnel and 
a side arm. The whole system was kept at -78°C and n-BuLi (18 ml, 0.045 moles) was then 
added dropwise over 45 minutes to the 1,4 diiodobenzene solution via the dropping 
funnel. On addition of BuLi a colour change from cream to dark brown was observed. 
Selenium powder (3.553 g, 0.045 moles) was then added to this solution over 2 hours and 
the system was left to warm upto room temperature whilst stirring for 3 hours. The system 
was then left stirring overnight with oxygen bubbling through. Hydrolysis with dilute 
hydrochloric acid was performed and the product dissolved in diethyl ether was phase 
separated and dried over magnesium sulfate. Solvent was evaporated under reduced 
pressure yielding analytically pure brown crystals of (p-IC6H4)2Se2.  
In a procedure analogous to above p-bromodiphenyldiselenide (as an orange solid) was 
prepared using 1,4 dibromobenzene (20 g, 0.084 moles), nBuLi (33.6 ml, 0.084 moles) and 
selenium powder (6.632 g, 0.084 moles). 
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7.7.2 Synthesis of (p-F C6H4)2Se2 and (p-Cl C6H4)2Se2 
 
A three necked round bottom flask containing magnesium turnings (2.431 g, 0.1 moles) 
was dried and placed under a gentle stream of nitrogen. Dried diethyl ether (400 ml) was 
then added to the flask. 1-Bromo-4-fluorobenzene (20 g, 0.084 moles) was then added to 
dropwise via a pressure equalising dropping funnel to initiate and maintain a gentle reflux. 
The solution was then left stirring for additional 40 minutes, and left cooling to room 
temperature. Selenium powder (7.896 g, 0.1 moles) was then added over 2 hours to this 
system. The system was then left stirring overnight with oxygen bubbling through. 
Hydrolysis with dilute hydrochloric acid was performed and the product dissolved in 
diethyl ether was phase separated and dried over magnesium sulfate. The solvent was 
evaporated under reduced pressure yielding analytically pure (p-FC6H4)2Se2 in the form of 
an orange oil. In a procedure analogous to above (p-ClC6H4)2Se2 (as a yellow powder) was 
prepared using 1-Bromo-4-chlorobenzene. 
 
7.7.3 Synthesis of ArSeXn 
 
These compounds were prepared by reacting stoichiometric ratios of diaryldiselenides with 
halogens in freshly distilled diethyl ether under strict anhydrous and anaerobic conditions. 
The reactions were allowed to stir for 24 hours and the products formed were isolated 
using standard Schlenk techniques. 
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7.7.4 Data for (p-FC6H4)2Se2  
 
Orange oil (90.3% yield). 1H NMR (CDCl3):  6.92-7.08 [m], 7.44-7.68 [m]. 
13C{1H} NMR 
(CDCl3):  116.4 [d, Cm, 
2J(CF) = 21.2 Hz], 125.7 [s, Ci], 134.8 [d, Co, 
3J(CF) = 8.2 Hz], 163.0 [d, 
Cp, 
1J(CF) = 248.3 Hz]. 77Se{1H} NMR (CDCl3):  491.4 [s].  
7.7.5 Data for (p-FC6H4)SeCl  
 
Yellow oil. 1H NMR (CDCl3):  6.96-7.21 [m], 7.76-8.00 [m]. 
13C{1H} NMR (CDCl3):  117.2 [d, 
Cm, 
2J(CF) = 22.9 Hz], 125.7 [s, Ci], 133.9 [d, Co, 
3J(CF) = 9.1 Hz], 164.4 [d, Cp, 
1J(CF) = 242.1 
Hz].77Se{1H} NMR (CDCl3):  618.2 [s].  
7.7.6 Data for (p-FC6H4)SeCl3  
 
Yellow oil. 1H NMR (CDCl3):  6.92-7.18 [m], 7.66-7.78 [m]. 
13C{1H} NMR (CDCl3):  117.0 [d, 
Cm, 
2J(CF) = 22.2 Hz], 133.1 [s, Ci], 138.1 [s, Co], 164.3 [d, Cp, 
1J(CF) = 253.6 Hz]. 77Se{1H} NMR 
(CDCl3):  618.2 [s], 732.8 [s]. 
7.7.7 Data for (p-FC6H4)SeBr  
 
Orange oil. 1H NMR (CDCl3):  6.94-7.18 [m], 7.74-7.98 [m]. 
13C{1H} NMR (CDCl3):  117.0 [d, 
Cm, 
2J(CF) = 21.9 Hz], 124.5 [s, Ci], 138.4 [d, Co, 
3J(CF) = 8.42 Hz], 164.2 [d, Cp, 
1J(CF) = 252.8 
Hz]. 77Se{1H} NMR (CDCl3):  851.6 [s]. 
7.7.8 Data for (p-FC6H4)SeBr3  
 
Orange oil. 1H NMR (CDCl3):  6.93-7.01 [m], 7.72-7.77 [m]. 
13C{1H} NMR (CDCl3):  116.9 [d, 
Cm, 
2J(CF) = 21.2 Hz], 124.2 [s, Ci], 138.5 [d, Co, 
3J(CF) = 9.23 Hz], 164.3 [d, Cp, 
1J(CF) = 252.6 
Hz]. 77Se{1H} NMR (CDCl3):  857.0 [s].  
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7.7.9 Data for (p-FC6H4)SeI  
 
Green oil. 1H NMR (CDCl3):  6.86-6.93 [m], 7.50-7.58 [m]. 
13C{1H} NMR (CDCl3):  116.6 [d, 
Cm, 
2J(CF) = 21.3 Hz], 124.0 [s, Ci], 134.7 [d, Co, 
3J(CF) = 8.47 Hz], 163.4 [d, Cp, 
1J(CF) = 250.2 
Hz]. 77Se{1H} NMR (CDCl3):  410.3 [s], 501.8 [bs].  
7.7.10 Data for (p-FC6H4)SeI3  
 
Purple oil. 1H NMR (CDCl3):  6.84-6.93 [m], 7.48-7.57 [m]. 
13C{1H} NMR (CDCl3):  116.8 [d, 
Cm, 
2J(CF) = 22.0 Hz], 123.5 [s, Ci], 136.5 [d, Co, 
3J(CF) = 8.23 Hz], 164.2 [d, Cp, 
1J(CF) = 250.7 
Hz]. 77Se{1H} NMR (CDCl3):  415.4 [s], 504.4 [bs].  
7.7.11 Data for (p-ClC6H4)2Se2  
 
Yellow solid (93.7% yield). 1H NMR (CDCl3):  7.12 [d, 2H, Ho, 
3J(HH) = 8.56 Hz], 7.39 [d, 2H, 
Hm,
 3J(HH) = 8.59 Hz]. 13C{1H} NMR (CDCl3):  128.8 [s, Ci], 129.4 [s, Cm], 133.3 [s, Co], 134.3 
[s, Cp]. 
77Se{1H} NMR (CDCl3):  475.9 [s].  IR (cm
-1): 3061, 3048, 1561, 1292, 1173, 1085, 
1062, 728, 626, 332, 310, 300, 269, 248, 203, 184, 140. 
7.7.12 Data for (p-ClC6H4)SeCl  
 
Cream solid. 1H NMR (CDCl3):  7.20 [d, 2H, Ho, 
3J(HH) = 8.49 Hz], 7.54 [d, 2H, Hm,
 3J(HH) = 
8.35 Hz]. 13C{1H} NMR (CDCl3):  124.8 [s, Ci], 129.8 [s, Cm], 135.8 [s, Co], 137.0 [s, Cp]. 
77Se{1H} NMR (CDCl3):  571.8 [s], 621.8 [s].  
7.7.13 Data for (p-ClC6H4)SeCl3  
 
Cream/yellow powder. Calc. for C6H4SeCl4: C, 24.2; H, 1.3; Cl, 47.7; Found: C, 24.3; H, 0.8; 
Cl, 45.6%. 1H NMR (CDCl3):  7.00-8.45 [m]. IR (cm
-1): 3066, 1560, 1179, 1092, 1041, 998, 
723, 354, 307, 249, 198. 
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7.7.14 Data for (p-ClC6H4)SeBr  
 
Yellow oil. 1H NMR (CDCl3):  7.17 [d, 2H, Ho, 
3J(HH) = 8.32 Hz], 7.57 [d, 2H, Hm,
 3J(HH) = 8.41 
Hz]. 13C{1H} NMR (CDCl3):  127.5 [s, Ci], 129.8 [s, Cm], 136.7 [s, Co], 137.0 [s, Cp]. 
77Se{1H} 
NMR (CDCl3):  853.3 [brs].  
7.7.15 Data for (p-ClC6H4)SeBr3  
 
Orange powder. Calc. for C6H4SeBrCl3: C, 16.7; H, 0.9; Br, 55.7; Found: C, 16.1; H, 0.4; Br, 
60.3%. 1H NMR (CDCl3):  7.28 [d, 2H, Ho, 
3J(HH) = 8.49 Hz], 7.69 [d, 2H, Hm,
 3J(HH) = 8.38 
Hz]. 13C{1H} NMR (CDCl3):  127.4 [s, Ci], 129.8 [s, Cm], 136.5 [s, Co], 137.1 [s, Cp]. 
77Se{1H} 
NMR (CDCl3):  847.1 [s]. IR (cm
-1): 3281, 3231, 3061, 1558, 1182, 1089, 1041, 997, 721, 
621, 346, 309, 268, 207, 184, 153, 138. 
7.7.16 Data for (p-ClC6H4)SeI  
 
Purple solid. 1H NMR (CDCl3):  7.10 [d, 2H, Ho, 
3J(HH) = 8.61 Hz], 7.39 [d, 2H, Hm,
 3J(HH) = 
8.56 Hz]. 13C{1H} NMR (CDCl3):  127.8 [s, Ci], 129.6 [s, Cm], 134.2 [s, Co], 135.0 [s, Cp]. 
77Se{1H} NMR (CDCl3):  417.5 [s], 487.3 [bs]. 
7.7.17 Data for (p-ClC6H4)SeI3  
 
Purple oil. 1H NMR (CDCl3):  7.12 [d, 2H, Ho, 
3J(HH) = 8.56 Hz], 7.39 [d, 2H, Hm,
 3J(HH) = 8.59 
Hz]. 13C{1H} NMR (CDCl3):  128.8 [s, Ci], 129.4 [s, Cm], 133.3 [s, Co], 134.3 [s, Cp].  
7.7.18 Data for (p-BrC6H4)2Se2  
 
Orange solid (87.5% yield). 1H NMR (CDCl3):  7.16-7.40 [m]. 
13C{1H} NMR (CDCl3):  122.4 
[s, Cp], 129.4 [s, Ci], 132.3 [s, Cm], 133.4 [s, Co]. 
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7.7.19 Data for (p-BrC6H4)SeCl  
 
Yellow oil. 1H NMR (CDCl3):  7.42 [d, 2H, Ho, 
3J(HH) = 7.89 Hz], 7.54 [d, 2H, Hm,
 3J(HH) = 8.27 
Hz]. 13C{1H} NMR (CDCl3):  125.4 [s, Cp], 130.9 [s, Ci], 132.8 [s, Cm], 135.8 [s, Co]. 
77Se{1H} 
NMR (CDCl3):  571.3 [s], 622.6 [s].  
7.7.20 Data for (p-BrC6H4)SeCl3  
  
Yellow oil. 1H NMR (CDCl3):  7.37-7.52 [m], 7.54-7.66 [m]. 
13C{1H} NMR (CDCl3):  125.3 [s, 
Cp], 130.9 [s, Ci], 132.7 [s, Cm], 134.5 [s, Co]. 
77Se{1H} NMR (CDCl3):  412.5 [s], 472.5 [s], 
622.5 [s], 712.0[s], 737.3 [s].  
7.7.21 Data for (p-BrC6H4)SeBr  
 
Orange oil. 1H NMR (CDCl3):  7.38 [d, 2H, Ho, 
3J(HH) = 8.09 Hz], 7.56 [d, 2H, Hm,
 3J(HH) = 
8.13 Hz]. 13C{1H} NMR (CDCl3):  125.3 [s, Cp], 128.0 [s, Ci], 132.8 [s, Cm], 136.7 [s, Co]. 
77Se{1H} NMR (CDCl3):  854.1 [s]. 
7.7.22 Data for (p-BrC6H4)SeBr3  
  
Orange oil. 1H NMR (CDCl3):  7.40 [d, 2H, Ho, 
3J(HH) = 8.56 Hz], 7.53 [d, 2H, Hm,
 3J(HH) = 
8.29 Hz]. 13C{1H} NMR (CDCl3):  125.3 [s, Cp], 128.5 [s, Ci], 132.7 [s, Cm], 136.6 [s, Co]. 
77Se{1H} NMR (CDCl3):  844.0 [s]. 
7.7.23 Data for (p-BrC6H4)SeI  
 
Purple oil. 1H NMR (CDCl3):  7.16-7.48 [m]. 
13C{1H} NMR (CDCl3):  122.5 [s, Cp], 129.3 [s, 
Ci], 132.4 [s, Cm], 134.5 [s, Co]. 
77Se{1H} NMR (CDCl3):  338.6 [s], 415.0 [s], 477.8 [brs]. 
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7.7.24 Data for (p-BrC6H4)SeI3  
  
Purple oil. 1H NMR (CDCl3):  7.29 [d, 2H, Ho, 
3J(HH) = 8.59 Hz], 7.39 [d, 2H, Hm,
 3J(HH) = 8.56 
Hz]. 13C{1H} NMR (CDCl3):  123.7 [s, Cp], 128.6 [s, Ci], 132.6 [s, Cm], 134.9 [s, Co]. 
77Se{1H} 
NMR (CDCl3):  356.4 [s], 421.1 [s], 486.5 [brs]. 
7.7.25 Data for (p-IC6H4)2Se2  
 
Brown solid (86.4% yield). 1H NMR (CDCl3):  7.22 [d, 2H, Ho, 
3J(HH) = 8.35 Hz], 7.49 [d, 2H, 
Hm,
 3J(HH) = 8.57 Hz]. 13C{1H} NMR (CDCl3):  93.7 [s, Cp], 130.4 [s, Ci], 134.7 [s, Co], 139.3 [s, 
Cm]. 
77Se{1H} NMR (CDCl3):  467.9 [s].  
7.7.26 Data for (p-IC6H4)SeCl  
 
Yellow oil. 1H NMR (CDCl3):  7.42 [d, 2H, Ho, 
3J(HH) = 8.36 Hz], 7.67 [d, 2H, Hm,
 3J(HH) = 8.36 
Hz]. 13C{1H} NMR (CDCl3):  93.4 [s, Cp], 130.8 [s, Ci], 135.5 [s, Co], 138.7 [s, Cm]. 
77Se{1H} 
NMR (CDCl3):  624.5 [s].  
7.7.27 Data for (p-IC6H4)SeCl3  
  
Yellow oil. 1H NMR (CDCl3):  7.04-7.82 [m]. 
13C{1H} NMR (CDCl3):  95.1 [s, Cp], 130.8 [s, Ci], 
134.8 [s, Co], 138.4 [s, Cm]. 
77Se{1H} NMR (CDCl3):  468.3[s], 624.7 [s].  
7.7.28 Data for (p-IC6H4)SeBr  
  
Orange oil. 1H NMR (CDCl3):  7.43 [d, 2H, Ho, 
3J(HH) = 8.06 Hz], 7.61 [d, 2H, Hm,
 3J(HH) = 
8.00 Hz]. 13C{1H} NMR (CDCl3):  97.2 [s, Cp], 128.9 [s, Ci], 136.5 [s, Co], 138.7 [s, Cm]. 
77Se{1H} 
NMR (CDCl3):  852.8 [s]. 
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7.7.29 Data for (p-IC6H4)SeBr3  
  
Orange oil. 1H NMR (CDCl3):  7.41 [d, 2H, Ho, 
3J(HH) = 8.15 Hz], 7.59 [d, 2H, Hm,
 3J(HH) = 
8.26 Hz]. 13C{1H} NMR (CDCl3):  96.3 [s, Cp], 130.4 [s, Ci], 135.6 [s, Co], 138.4 [s, Cm]. 
77Se{1H} 
NMR (CDCl3):  493.8 [S], 851.4 [brs].  
7.7.30 Data for (p-IC6H4)SeI  
  
Purple oil. 1H NMR (CDCl3):  7.44-7.60 [m]. 
13C{1H} NMR (CDCl3):  93.8 [s, Cp], 130.3 [s, Ci], 
134.7 [s, Co], 138.3 [s, Cm]. 
77Se{1H} NMR (CDCl3):  329.2 [s], 415.3 [s], 470.4 [s]. 
7.7.31 Data for (p-IC6H4)SeI3  
  
Purple oil. 1H NMR (CDCl3):  7.32 [d, 2H, Ho, 
3J(HH) = 9.35 Hz], 7.52 [d, 2H, Hm,
 3J(HH) = 8.30 
Hz]. 13C{1H} NMR (CDCl3):  93.4 [s, Cp], 130.8 [s, Ci], 135.5 [s, Co], 138.7 [s, Cm]. 
77Se{1H} 
NMR (CDCl3):  350.6 [s], 420.5 [s], 475.8 [brs]. 
 
7.8 Chapter 4 Formation of [PhEX2]- & [PhEX4]- salts (E = Se, Te; X = Cl, Br, 
I) from reaction of REX / REX3 with [Ph4P]X or Ph3PX2 
 
The salts containing [PhEX2]
- and [PhEX4]
- (where E = Se, Te; X = Cl, Br, I) anions were 
synthesized under strict anhydrous and anaerobic conditions due to the air and moisture 
sensitive nature of these compounds. All the compounds in this section are prepared using 
the same described procedure below. 
Freshly distilled dry diethylether (~50 ml) was added to a dry rotaflo tube under a stream 
of nitrogen. The rotaflo tube was degassed and filled with nitrogen three times prior to 
use. Under a flow of nitrogen first the preformed PhEX and then the Ph3PX2 or [Ph4P]X 
(where E = Se, Te; X = Cl, Br, I) was added to this rotaflo tube in the stoichiometric ratio to 
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form the desired product. Typically the reaction took twenty minutes and the solid was 
formed with the appropriate colour change being observed, but the system was left 
stirring for 48 hours for completion. The solids formed were isolated using standard 
Schlenk techniques with all the manipulations carried out under argon atmosphere in a 
glove box. The data for the compounds produced is given below.   
 
7.8.1 Data for [Ph3PCl][PhSeCl2]  
 
Yellow powder (74.9% yield). Calc. for C24H20PSeCl3: C, 54.91; H, 3.84; P, 5.91; Cl, 20.28; 
Found: C, 59.53; H, 4.19; P, 7.88; Cl, 14.95%. 1H NMR (CDCl3):  7.20-7.31 [m, Ar], 7.38-7.45 
[m, Ar], 7.47-7.53 [m, Ar], 7.56-7.65 [m, Ar], 7.70-7.84 [m, Ar], 7.85-7.95 [m, Ar]. 13C{1H} 
NMR (CDCl3):  119.1 [d, PPh3, Cix, 
1J (PC) = 94.1 Hz], 128.7 [d, PPh3, Cmx, 
3J(PC) = 12.3 Hz], 
129.1 [s, SePh, Ciy], 131.1 [d, PPh3 Cox, 
2J (PC) = 14.5 Hz], 132.1 [s, SePh, Cmy], 132.3 [s, SePh, 
Coy], 132.3 [d, PPh3 Cpx, 
4J (PC) = 2.8 Hz], 137.4 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  64.9 [s], 
32.3 [s]. Raman (cm-1): 3064, 3056, 1583, 1573, 1098, 998, 334, 263. 
7.8.2 Data for [Ph3PCl][PhSeBrCl]  
 
Mustard powder (78.6% yield). Calc. for C24H20PSeBrCl2: C, 50.62; H, 3.54; P, 5.44; Found: C, 
50.53; H, 3.15; P, 5.84%. 1H NMR (CDCl3):  7.10-7.25 [m, Ar], 7.40-7.48 [m, Ar], 7.49-7.61 
[m, Ar], 7.65-7.76 [m, Ar], 7.82-7.90 [m, Ar]. 13C{1H} NMR (CDCl3):  118.0 [d, PPh3, Cix, 
1J(PC) = 93.6 Hz], 129.4 [d, PPh3, Cmx, 
3J(PC) = 13.0 Hz], 129.9 [s, SePh, Ciy], 131.0 [d, PPh3 
Cox, 
2J(PC) = 14.5 Hz], 132.3 [d, PPh3 Cpx, 
4J(PC) = 10.9 Hz], 133.7 [s, SePh, Coy], 133.9 [s, 
SePh, Cmy],137.4 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  65.7 [s], 42.2 [s]. Raman (cm
-1): 3060, 
1586, 1573, 1437, 1183, 1162, 1111, 1026, 1016, 998, 687, 615, 584, 327, 296, 257, 210, 
187, 157. 
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7.8.3 Data for [Ph3PCl][PhSeICl]  
 
Orange powder (80.7% yield). Calc. for C24H20PSeCl2I: C, 46.76; H, 3.27; P, 5.03; Found: C, 
48.18; H, 3.49; P, 6.98%. 1H NMR (CDCl3):  7.10-7.29 [m, Ar], 7.40-7.56 [m, Ar], 7.62-7.69 
[m, Ar], 7.70-7.82 [m, Ar], 7.88-7.96 [m, Ar]. 13C{1H} NMR (CDCl3):  118.5 [d, PPh3, Cix, 
1J(PC) = 93.5 Hz], 129.6 [d, PPh3, Cmx, 
3J(PC) = 13.1 Hz], 131.1 [d, PPh3 Cox, 
2J(PC) = 14.5 Hz], 
132.3 [d, PPh3 Cpx, 
4J(PC) = 11.6 Hz], 133.7 [s, SePh, Coy], 133.9 [s, SePh, Cmy],137.5 [s, SePh, 
Cpy]. 
31P{1H} NMR (CDCl3):  65.8 [s], 44.0 [s]. Raman (cm
-1): 3059, 1587, 1161, 1095, 1025, 
998, 687, 615, 589. 
7.8.4 Data for [Ph3PCl][PhTeCl2]  
 
Cream powder (84.8% yield). Calc. for C24H20PTeCl3: C, 50.25; H, 3.52; P, 5.40; Cl, 18.56; 
Found: C, 45.67; H, 3.09; P, 5.02; Cl, 25.29%. 1H NMR (CDCl3):  7.25-7.40 [m, Ar], 7.50-7.60 
[m, Ar], 7.70-7.85 [m, Ar], 7.90-8.0 [m, Ar], 8.55-8.70 [m, Ar]. 13C{1H} NMR (CDCl3):  118.4 
[d, PPh3, Cix, 
1J(PC) = 93.5 Hz], 129.6 [d, PPh3, Cmx, 
3J(PC) = 12.9 Hz], 129.8 [s, TePh, Ciy], 
131.0 [d, PPh3 Cox, 
2J(PC) = 14.7 Hz], 132.4 [d, PPh3 Cpx, 
4J(PC) = 11.9 Hz], 133.6 [s, TePh, Coy], 
133.8 [s, TePh, Cmy],137.4 [s, TePh, Cpy]. 
31P{1H} NMR (CDCl3):  65.7 [s], 44.8 [s].  
7.8.5 Data for [Ph3PBr][PhSeBr2]  
 
Yellow powder (74.9% yield). Calc. for C24H20PSeBr3: C, 43.78; H, 3.08; P, 4.71; Br, 36.44; 
Found: C, 57.58; H, 4.01; P, 7.02; Br, 28.20%. 1H NMR (CDCl3):  7.25-7.29 [m, Ar], 7.37-7.42 
[m, Ar], 7.56-7.64 [m, Ar], 7.68-7.88 [m, Ar]. 13C{1H} NMR (CDCl3):  118.9 [d, PPh3, Cix, 
1J(PC) = 86.4 Hz], 129.2 [s, SePh, Ciy], 129.7 [d, PPh3, Cmx, 
3J(PC) = 13.5 Hz], 131.1 [d, PPh3 
Cox, 
2J(PC) = 14.6 Hz], 133.0 [d, PPh3 Cpx 
4J(PC) = 11.6 Hz], 133.9 [s, SePh, Coy], 134.0 [s, SePh, 
Cmy],137.2 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  47.2 [s]. Raman (cm
-1): 3058, 1585, 1107, 
1026, 996, 730, 687, 534, 433, 238, 193. 
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7.8.6 Data for [Ph3PBr][PhSeBrCl]  
 
Mustard powder (82.6% yield). Calc. for C24H20PSeBr2Cl: C, 46.95; H, 3.29; P, 5.05; Found: C, 
46.84; H, 3.25; P, 5.15%. 1H NMR (CDCl3):  7.27-7.36 [m, Ar], 7.52-7.60 [m, Ar], 7.64-7.73 
[m, Ar], 7.76-7.92 [m, Ar], 7.93-8.01 [m, Ar]. 13C{1H} NMR (CDCl3):  118.5 [d, PPh3, Cix, 
1J(PC) = 92.5 Hz], 129.2 [d, PPh3, Cmx, 
3J(PC) = 12.8 Hz], 129.8 [s, SePh, Ciy], 131.1 [d, PPh3 
Cox, 
2J(PC) = 15.0 Hz], 132.6 [d, PPh3 Cpx 
4J(PC) = 10.9 Hz], 133.7 [s, SePh, Coy], 133.8 [s, SePh, 
Cmy],137.4 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  64.5 [s], 42.4 [s]. Raman (cm
-1): 3056, 1582, 
1184, 1159, 1111, 1097, 1086, 1026, 995 613, 582, 327, 257, 157. 
7.8.7 Data for [Ph3PBr][PhSeIBr]  
 
Orange/brown powder (68.4% yield). Calc. for C24H20PSeBr2I: C, 40.86; H, 2.86; P, 4.39; 
Found: C, 38.34; H, 2.66; P, 5.36%. 1H NMR (CDCl3):  7.20-7.29 [m, Ar], 7.54-7.64 [m, Ar], 
7.65-7.86 [m, Ar], 7.90-7.98 [m, Ar]. 13C{1H} NMR (CDCl3):  118.9 [d, PPh3, Cix, 
1J(PC) = 86.4 
Hz], 129.2 [s, SePh, Ciy], 129.7 [d, PPh3, Cmx, 
3J(PC) = 13.5 Hz], 131.1 [d, PPh3 Cox, 
2J(PC) = 
14.6 Hz], 133.0 [d, PPh3 Cpx 
4J(PC) = 11.6 Hz], 133.9 [s, SePh, Coy], 134.0 [s, SePh, Cmy],137.2 
[s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  51.5 [s]. Raman (cm
-1): 3056, 1582, 1335, 1186, 1161, 
1091, 1025, 997, 729, 686, 614, 539, 438, 250, 174, 150, 132. 
7.8.8 Data for [Ph3PBr][PhTeBr2]  
 
Yellow powder (89.1% yield). Calc. for C24H20PTeBr3: C, 40.77; H, 2.85; P, 4.38; Found: C, 
39.04; H, 2.89; P, 4.19%. 1H NMR (CDCl3):  6.90-7.25 [m, Ar], 7.40-7.90 [m, Ar], 8.60-8.80 
[m, Ar]. 13C{1H} NMR (CDCl3):  118.8 [d, PPh3, Cix, 
1J(PC) = 86.1 Hz], 128.2 [s, TePh, Ciy], 
129.6 [d, PPh3, Cmx, 
3J(PC) = 12.9 Hz], 131.2 [d, PPh3 Cox, 
2J(PC) = 14.0 Hz], 132.6 [d, PPh3 Cpx 
4J(PC) = 11.0 Hz], 134.1 [s, TePh, Coy], 134.2 [s, TePh, Cmy],137.3 [s, TePh, Cpy]. 
31P{1H} NMR 
(CDCl3):  51.8 [s], 45.9 [s, br].  
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7.8.9 Data for [Ph3PI][PhSeI2]  
 
Orange powder (73.8% yield). Calc. for C24H20PSeI3: C, 36.05; H, 2.52; P, 3.88; I, 47.66; 
Found: C, 36.33; H, 2.32; P, 4.27; I, 48.50%. 1H NMR (CDCl3):  7.22-7.36 [m, Ar], 7.44-7.52 
[m, Ar], 7.54-7.80 [m, Ar], 7.82-7.92 [m, Ar]. 13C{1H} NMR (CDCl3):  118.4 [d, PPh3, Cix, 
1J(PC) = 77.8 Hz], 130.3 [d, PPh3, Cmx, 
3J(PC) = 13.4 Hz], 130.9 [d, PPh3 Cox, 
2J(PC) = 13.6 Hz], 
131.9 [s, SePh, Ciy],  133.6 [d, PPh3 Cpx 
4J(PC) = 10.4 Hz], 133.9 [s, SePh, Coy], 134.0 [s, SePh, 
Cmy],138.0 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  9.2 [s]. Raman (cm
-1): 3054, 1582, 1162, 
1091, 1062, 1025, 998, 614, 533, 515, 418, 247, 197, 143, 114.  
7.8.10 Data for [Ph3PI][PhSeICl]  
 
Brown powder (84.0% yield). Calc. for C24H20PSeClI2: C, 40.72; H, 2.85; Found: C, 37.01; H, 
2.39%. 1H NMR (CDCl3):  7.16-7.28 [m, Ar], 7.44-7.68 [m, Ar], 7.70-7.86 [m, Ar], 7.88-7.94 
[m, Ar]. 13C{1H} NMR (CDCl3):  118.4 [d, PPh3, Cix, 
1J(PC) = 93.2 Hz], 129.4 [d, PPh3, Cmx, 
3J(PC) = 12.5 Hz], 130.9 [s, SePh, Ciy], 131.3 [d, PPh3 Cox, 
2J(PC) = 14.7 Hz], 132.3 [d, PPh3 Cpx 
4J(PC) = 10.9 Hz], 133.8 [s, SePh, Coy], 133.9 [s, SePh, Cmy],137.5 [s, SePh, Cpy].  
7.8.11 Data for [Ph3PI][PhSeIBr]  
 
Orange powder (74.5% yield). Calc. for C24H20PSeBr2I: C, 38.31; H, 2.68; P, 4.12; Br, 10.63; I, 
33.76; Found: C, 39.72; H, 2.67; P, 5.33; Br, ~10; I, ~38%. 1H NMR (CDCl3):  7.16-7.28 [m, 
Ar], 7.32-8.0 [m, Ar]. 13C{1H} NMR (CDCl3):  118.4 [PPh3, Cix], 129.6 [d, PPh3, Cmx, 
3J(PC) = 
13.1 Hz], 130.3 [s, SePh, Ciy], 131.8 [d, PPh3 Cox, 
2J(PC) = 13.2 Hz], 133.0 [d, PPh3 Cpx 
4J(PC) = 
11.6 Hz], 133.9 [s, SePh, Coy], 134.0 [s, SePh, Cmy],138.0 [s, SePh, Cpy]. 
31P{1H} NMR (CDCl3):  
51.1 [s], 37.3 [s], -10.0 [s]. Raman (cm-1): 3056, 1589, 998, 172, 142, 117. 
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7.8.12 Data for [Ph3PI][PhTeI2]  
 
Red/brown powder (88.8% yield). Calc. for C24H20PTeI3: C, 33.98; H, 2.38; P, 3.65; I, 44.92; 
Found: C, 33.70; H, 2.30; P, 3.78; I, 45.18%. 1H NMR (CDCl3):  7.05-7.12 [m, Ar], 7.18-7.30 
[m, Ar], 7.40-7.90 [m, Ar], 8.20-8.24 [m, Ar]. 13C{1H} NMR (CDCl3):  129.5 [d, PPh3, Cmx, 
3J(PC) = 13.8 Hz], 130.9 [s, TePh, Ciy], 130.2 [d, PPh3 Cox, 
2J(PC) = 14.0 Hz], 132.3 [d, PPh3 Cpx 
4J(PC) = 11.0 Hz], 133.6 [s, TePh, Coy], 133.8 [s, TePh, Cmy],141.2 [s, TePh, Cpy]. 
31P{1H} NMR 
(CDCl3):  -9.3 [s].  
7.8.13 Data for [Ph4P][PhSeCl2]  
 
Cream powder (76.9% yield). Calc. for C30H25PSeCl2: C, 63.60; H, 4.45; P, 5.47; Cl, 12.53; 
Found: C, 63.69; H, 4.52; P, 5.79; Cl, ~12.35%. 1H NMR (CDCl3):  6.98-7.08 [m, Ar], 7.34-
7.45 [m, Ar], 7.50-7.61 [m, Ar], 7.62-7.72 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.5 Hz], 130.8 [d, PPh4, Cmx, 
3J(PC) = 13.0 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.6 Hz], 
135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 [s]. Raman (cm
-1): 3061, 1585, 1574, 1185, 
1161, 1097, 1071, 1026, 1000, 678, 615, 307, 283, 246, 200, 119. 
7.8.14 Data for [Ph4P][PhSeBr2]  
 
Yellow powder (82.9% yield). Calc. for C30H25PSeBr2: C, 54.97; H, 3.85; P, 4.73; Br, 24.40; 
Found: C, 55.64; H, 3.83; P, 5.02; Br, 24.25%. 1H NMR (CDCl3):  7.16-7.24 [m, Ar], 7.52-7.63 
[m, Ar], 7.67-7.77 [m, Ar], 7.80-7.90 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.3 Hz], 129.0 [s, SePh, Cix], 130.8 [d, PPh4, Cmx, 
3J(PC) = 12.4 Hz], 134.4 [d, PPh4 
Cox, 
2J(PC) = 10.2 Hz], 135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 [s]. 
77Se{1H} NMR 
(CDCl3):  826.25 [s]. Raman (cm
-1): 3059, 1584, 1573, 1437, 1184, 1161, 1107, 1097, 1068, 
1026, 1000, 678, 615, 302, 283, 252, 205, 158. 
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7.8.15 Data for [Ph4P][PhSeI2]  
 
Brown powder (81.0% yield). Calc. for C30H25PSeI2: C, 48.07; H, 3.36; P, 4.14; I, 33.89; 
Found: C, 48.11; H, 3.17; P, 5.28; I, 42.75%. 1H NMR (CDCl3):  7.22-7.30 [m, Ar], 7.56-7.70 
[m, Ar], 7.76-7.86 [m, Ar], 7.88-7.98 [m, Ar]. 13C{1H} NMR (CDCl3):  117.3 [d, PPh4, Cix, 
1J(PC) = 89.7 Hz], 130.9 [d, PPh4, Cmx, 
3J(PC) = 13.1 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.2 Hz], 
135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.2 [s]. Raman (cm
-1): 3052, 1585, 1433, 1188, 
1159, 1098, 1026, 1000, 680, 614, 265, 248, 198, 117. 
7.8.16 Data for [Ph4P][PhSeICl]  
 
Method 1; The product as a cream powder (76.3% yield) was prepared using Ph4PCl (1.00g, 
0.002 moles) and PhSeI (0.75g, 0.002 moles) in diethylether (75ml). Calc. for C30H25PSeICl: 
C, 54.75; H, 3.83; P, 4.71; Cl, 5.39; I, 19.30; Found: C, 54.62; H, 3.83; P, 5.82; Cl, ~7; I, ~25%. 
1H NMR (CDCl3):  7.24-7.30 [m, Ar], 7.59-7.70 [m, Ar], 7.77-7.86 [m, Ar], 7.90-8.00 [m, Ar]. 
13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 90.0 Hz], 130.9 [d, PPh4, Cmx, 
3J(PC) = 12.4 
Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.8 Hz], 135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 
[s]. Raman (cm-1): 3055, 1586, 1434, 1184, 1160, 1097, 1025, 999, 679, 615, 400, 256, 208, 
144, 118. 
Method 2; The product as a cream powder (69.9% yield) was prepared using Ph4PI (1.00g, 
0.002 moles) and PhSeCl (0.41g, 0.002 moles) in diethylether (75ml). Calc. for C30H25PSeICl: 
C, 54.75; H, 3.83; P, 4.71; Cl, 5.39; I, 19.30; Found: C, 57.44; H, 3.86; P, 6.30; Cl, ~6; I, ~24%. 
1H NMR (CDCl3):  7.24-7.30 [m, Ar], 7.56-7.65 [m, Ar], 7.74-7.84 [m, Ar], 7.88-7.94 [m, Ar]. 
13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.6 Hz], 130.9 [d, PPh4, Cmx, 
3J(PC) = 13.0 
Hz], 134.3 [d, PPh4 Cox, 
2J(PC) = 10.1 Hz], 135.9 [brs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 
[s]. Raman (cm-1): 3055, 1585,1434, 1188, 1163, 1098, 1027, 1001, 680, 615, 293, 257, 198, 
145, 122. 
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7.8.17 Data for [Ph4P][PhSeIBr] 
  
Method 1; The product as a mustard powder (79.9% yield) was prepared using Ph4PI 
(1.00g, 0.002 moles) and PhSeBr (0.50g, 0.002 moles) in diethylether (75ml). Calc. for 
C30H25PSeBrI: C, 51.29; H, 3.59; P, 4.41; Br, 11.38; I, 18.08; Found: C, 52.39; H, 3.53; P, 5.73; 
Br, ~15; I, ~22%. 1H NMR (CDCl3):  7.23-7.30 [m, Ar], 7.56-7.70 [m, Ar], 7.76-7.86 [m, Ar], 
7.88-8.00 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.8 Hz], 130.9 [d, 
PPh4, Cmx, 
3J(PC) = 12.3 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.2 Hz], 135.8 [bs, PPh4 Cpx]. 
31P{1H} 
NMR (CDCl3):  23.1 [s]. Raman (cm
-1): 3054, 1585, 1572, 1434, 1184, 1159, 1097, 1025, 
1000, 679, 614, 279, 249, 198, 158, 134, 118. 
Method 2; The product as a mustard powder (79.2% yield) was prepared using Ph4PBr 
(1.00g, 0.002 moles) and PhSeI (0.67g, 0.002 moles) in diethylether (75ml). Calc. for 
C30H25PSeBrI: C, 51.29; H, 3.59; P, 4.41; Br, 11.38; I, 18.08; Found: C, 52.81; H, 3.55; P, 5.71; 
Br, ~15; I, ~21%. 1H NMR (CDCl3):  7.18-7.24 [m, Ar], 7.52-7.64 [m, Ar], 7.70-7.80 [m, Ar], 
7.83-7.91 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.7 Hz], 130.9 [d, 
PPh4, Cmx, 
3J(PC) = 12.4 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.8 Hz], 135.8 [bs, PPh4 Cpx]. 
31P{1H} 
NMR (CDCl3):  23.1 [s]. Raman (cm
-1): 3054, 1586, 1572, 1433, 1183, 1159, 1097, 1025, 
1000,679, 614, 279, 249, 198, 158, 135, 118. 
7.8.18 Data for [Ph4P][PhSeBrCl]  
 
Method 1; The product as a yellow powder (79.9% yield) was prepared using Ph4PCl (1.00g, 
0.002 moles) and PhSeBr (0.62g, 0.002 moles) in diethylether (75ml). Calc. for 
C30H25PSeBrCl: C, 58.97; H, 4.13; P, 5.07; Br, 13.09; Cl, 5.81; Found: C, 57.49; H, 3.87; P, 
5.00; Br, ~17; Cl, ~4%. 1H NMR (CDCl3):  7.26-7.36 [m, Ar], 7.60-7.72 [m, Ar], 7.77-7.88 [m, 
Ar], 7.90-7.98 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.7 Hz], 129.2 [s, 
SePh], 130.9 [d, PPh4, Cmx, 
3J(PC) = 13.0 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.8 Hz], 135.5 [s, 
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SePh], 135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.2 [s]. Raman (cm
-1): 3060, 1585, 1573, 
1437, 1184, 1161, 1180, 1097, 1069, 1026, 1000, 6678, 615, 305, 283, 252, 201, 160. 
Method 2; The product as a yellow powder (82.4% yield) was prepared using Ph4PBr 
(1.00g, 0.002 moles) and PhSeCl (0.45g, 0.002 moles) in diethylether (75ml). Calc. for 
C30H25PSeBrCl: C, 58.97; H, 4.13; P, 5.07; Br, 13.09; Found: C, 59.80; H, 4.23; P, 5.34; Br, 
~17%. 1H NMR (CDCl3):  7.18-7.30 [m, Ar], 7.54-7.66 [m, Ar], 7.72-7.84 [m, Ar], 7.86-7.96 
[m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.5 Hz], 128.9 [s ,SePh], 130.8 
[d, PPh4, Cmx, 
3J(PC) = 13.0 Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.1 Hz], 135.8 [brs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 [s]. Raman (cm
-1): 3061, 1585, 1574, 1438, 1184, 1161, 1108, 
1097, 1070, 1026, 1000, 678, 615, 305, 283, 252, 201, 160. 
7.8.19 Data for [Ph4P][PhTeCl2]  
 
Cream powder (73.5% yield). Calc. for C30H25PTeCl2: C, 58.57; H, 4.10; P, 5.04; Cl, 11.54; 
Found: C, 55.95; H, 3.87; P, 5.27; Cl, 16.74%. 1H NMR (CDCl3):  7.22-7.34 [m, Ar], 7.56-7.66 
[m, Ar], 7.72-7.82 [m, Ar], 7.86-7.96 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.5 Hz], 128.0 [s, TePh], 129.5 [s, TePh], 130.8 [d, PPh4, Cmx, 
3J(PC) = 12.9 Hz], 
133.5 [s, TePh], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.2 Hz], 135.8 [brs, PPh4 Cpx]. 
31P{1H} NMR 
(CDCl3):  23.1 [s]. Raman (cm
-1): 3060, 1583, 1436, 1183, 1160, 1094, 1026, 1015, 1000, 
678, 615, 281, 248, 129. 
7.8.20 Data for [Ph4P][PhTeBr2]  
 
Brown powder (65.9% yield). Calc. for C30H25PTeBr2: C, 51.17; H, 3.58; P, 4.40; Br, 22.71; 
Found: C, 45.54; H, 3.05; P, 4.20; Br, 33.87%. 1H NMR (CDCl3):  7.14-7.26 [m, Ar], 7.52-7.62 
[m, Ar], 7.66-7.76 [m, Ar], 7.80-7.88 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, PPh4, Cix, 
1J(PC) = 89.6 Hz], 128.2 [s, TePh], 129.5 [s, TePh], 130.8 [d, PPh4, Cmx, 
3J(PC) = 12.9 Hz], 
134.4 [d, PPh4 Cox, 
2J(PC) = 10.1 Hz], 135.8 [bs, PPh4 Cpx]. 
31P{1H} NMR (CDCl3):  23.1 [s]. 
Chapter 7 Experimental 
 
 245 
Raman (cm-1): 3055, 1583, 1182, 1163, 1094, 1026, 1012, 1000, 677, 615, 279, 251, 164, 
151. 
7.8.21 Data for [Ph4P][PhTeI2]  
 
Orange/brown powder (89.4% yield). Calc. for C30H25PTeI2: C, 45.14; H, 3.16; P, 3.88; I, 
31.82; Found: C, 45.17; H, 3.01; P, 4.09; I, 32.65%. 1H NMR (CDCl3):  7.06-7.12 [m, Ar], 
7.55-7.66 [m, Ar], 7.70-7.80 [m, Ar], 7.82-7.92 [m, Ar]. 13C{1H} NMR (CDCl3):  117.4 [d, 
PPh4, Cix, 
1J(PC) = 90.0 Hz], 127.5 [s, TePh], 128.4 [s, TePh], 130.9 [d, PPh4, Cmx, 
3J(PC) = 12.9 
Hz], 134.4 [d, PPh4 Cox, 
2J(PC) = 10.1 Hz], 135.8 [brs, PPh4 Cpx], 142.5 [s, TePh]. 
31P{1H} NMR 
(CDCl3):  23.0 [s]. 
   
7.9 Chapter 5 Phosphine sulfides and selenides with I2 
 
7.9.1 Synthesis of tris-p-fluorophenyl phosphine selenide (p-FC6H4)3PSe 
 
(p-FC6H4)3P (5.0 g, 0.0158 moles) was dissolved in 100cm
3 of dry toluene in a 500cm3 flask 
fitted with a reflux condenser. To this flask fine selenium powder (1.250 g, 0.0158 moles) 
was added with vigorous stirring. The solution was then refluxed under nitrogen for three 
hours, after which time all the selenium powder had been consumed. The solution was 
allowed to cool and concentrated to half its volume. 40:60 petroleum ether (20 ml) was 
then added to this and the solution refrigerated overnight. The white precipitate formed 
was then filtered off and dried in vacuo for two hours to yield tris-p-fluorophenyl 
phosphine selenide as a white powder, (mpt. 174-75C, 86.2% yield). Calc. for C18H12F3PSe: 
C, 54.7; H, 3.0; Se, 20.0; Found: C, 54.5; H, 2.9; Se, 19.9%. 1H NMR (CDCl3):  7.18 [t, 2H, Hm, 
3J(HH) = 8.53], 7.73 [m, 2H, Ho]. 
13C{1H} NMR (CDCl3):  115.0 [dd, Cm, J = 13.6, 21.3], 126.3 
[d, Ci, 
1J(PC) = 78.2], 133.9 [dd, Co, J = 8.7, 12.6], 163.9 [d, Cp, 
1J(CF) = 255.0]. 19F NMR 
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(CDCl3):  –107.1 [s]. 
31P{1H} NMR (CDCl3):  33.6 [s + satellites, 
1J(PSe) = 741]. 77Se{1H} NMR 
(CDCl3):  –246.1 [d, 
1J(PSe) = 741]. IR (cm-1): 552 (P–Se) 
7.9.2 Synthesis of tris-p-fluorophenyl phosphine sulfide (p-FC6H4)3PS 
 
In a procedure analogous to above tris-p-fluorophenyl phosphine sulfide as a white powder 
was prepared using tris-p-fluorophenyl phosphine (5.0 g, 0.0158 moles) and sulfur (0.506 g, 
0.0158 moles), (mpt. 171-73C, 77.3% yield). Calc. for C18H12F3PS: C, 62.1; H, 3.4; S, 9.2; 
Found: C, 62.0; H, 3.2; S, 9.4%. 1H NMR (CDCl3):  7.18 [t, 2H, Hm, 
3J(HH) = 8.54], 7.74 [m, 
2H, Ho]. 
13C{1H} NMR (CDCl3):  115.0 [dd, Cm, J = 13.6, 21.3], 127.5 [dd, Ci, 
1J(PC) = 88.9, 
4J(PF) = 2.9], 133.6 [dd, Co, J = 9.7, 12.6], 163.9 [dd, Cp, 
1J(CF) = 251.1, 4J(PC) = 2.9]. 19F NMR 
(CDCl3): – 107.2 [s]. 
31P{1H} NMR (CDCl3):  42.2 [s]. IR (cm
-1): 632 (P–S) 
7.9.3 Synthesis of tris-p-fluorophenyl phosphine selenide diiodine (p-FC6H4)3PSeI2 
 
(p-FC6H4)3PSe (0.655 g, 0.0016 moles) was dissolved in 50cm
3 of anhydrous diethyl ether in 
a rotaflo tube against a stream of dry nitrogen. Diiodine (0.421 g, 0.0016 moles) was then 
added to this solution. An orange solid precipitated from solution and was left to stir for 
three days. The solid was isolated using standard Schlenk techniques to yield the product 
as an orange powder, (mpt. 135C, 74.3% yield). Calc. for C18H12F3I2PSe: C, 33.3; H, 1.8; Se, 
12.2; I, 39.1; Found: C, 33.1; H, 1.8; Se, 12.0; I, 39.0%. 1H NMR (CDCl3):  7.20 [t, 2H, Hm, 
3J(HH) = 8.53], 7.67 [m, 2H, Ho]. 
13C{1H} NMR (CDCl3):  116.5 [dd, Cm, J = 14.5, 21.3], 125.8 
[d, Ci, 
1J(PC) = 91.6], 134.9 [dd, Co, J = 9.7, 13.6], 163.6 [d, Cp, 
1J(CF) = 255.6]. 19F NMR 
(CDCl3):  – 101.7 [s, br]. 
31P{1H} NMR (CDCl3):  44.5 [s].  IR (cm
-1): 532 (P–Se) 
7.9.4 Synthesis of tris-p-fluorophenyl phosphine sulfide diiodine (p-FC6H4)3PSI2 
 
In a procedure analogous to above tris-p-fluorophenyl phosphine sulfide diiodine as an 
orange powder was prepared using tris-p-fluorophenyl phosphine sulfide (0.741 g, 0.0021 
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moles) and diiodine (0.541 g, 0.0021 moles), (mpt. 165C, 61.5% yield). Calc. for 
C18H12F3I2PS: C, 35.9; H, 2.0; S, 5.3; I, 42.2; Found: C, 35.9; H, 2.1; S, 5.2; I, 41.9%. 
1H NMR 
(CDCl3):  7.21 [td, 2H, Hm, 
3J(HH) = 8.53, 3J(HF) = 2.04], 7.72 [m, 2H, Ho]. 
13C{1H} NMR 
(CDCl3):  117.0 [dd, Cm, J = 15.5, 20.3], 126.2 [d, Ci, 
1J(PC) = 90.8], 135.4 [s, br, Co], 165.7 [d, 
Cp, 
1J(CF) = 256.0].  19F NMR (CDCl3):  – 105.4 [s, br] 
31P{1H} NMR (CDCl3):  47.5 [s].  IR (cm
-
1): 571 (P–S). 
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